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I  Summary  Introduction 


Since  the  appearance  of  tha  first  report  on  the  Geomagnetic  Electro- 
kinetograph  (von  Arx  1947 )■*  roeearch  has  been  directed  towai’d  an  evaluation 
of  the  capacities  and  limitations  of  the  instrument*  effort  has  been  spent 
in  both  ths  field  and  laboratory  toward  improvement  of  its  operation  and 
on  direct  measurement  of  the  effects  of  the  physical  environment  on  its 
behavior.  All  of  this  work  was  furthered  by  help  from  the  Naval  Ordnance 
Laboratory*  Drs.  Rumba ugh,  Maxwell,  and  Green  and  Messrs  Bleil,  Dob r in, 
Haddad,  and  others  of  NOL  ware  most  cooperative  in  providing  technical  in¬ 
formation  of  both  verbal  and  written  kinds..  Through  thorn  and  the  Hydro- 
graphic  Office  (Oceanographic  Division)  temporary  loan  of  two  reports  on 
collateral  researches  (McKelvey  1944)  and  (Report  8$  M.S.BuShips)  was  se¬ 
cured.  During  the  summer  the  help  of  Messrs  Osborn  and  Duys  was  also  se¬ 
cured  at  v'i.H.O.I.  for  field  and  laboratory  work.  Mr.  Osborn  reviewed  the 
existing  literature  on  the  Faradic  effect,  and  also  made  progress  toward  a 
mathematical  statement  of  the  effect  as  it  applies  to  the  Electrokinetograph 
(Osborn  1947).  Mr.  Duys  wa3  primarily  concerned  with  the  installation  of 
gear,  repairs  and  maintenance,  and  stood  relief  watch  on  most  of  the  cruises 
at  sea.  Mr.  Dobrin  of  NOL  joined  the  observing  staff  on  Cruise  B-16  of  the 
Balanus  and  made  independent  measurements  of  propeller  noise  and  other  effects 
with  NOL  equipment  (Dobrin  1947). 

Following  this  cruise  materials  became  available  for  the  manufacture 
of  NOL-type  Silver-Silver  Chloride  electrodes.  These  electrodes  are  in  many 
ways  superior  to  the  VuH.O.I.  type  but  they  4dcso  have  an  unstable  aero-point 
in  changing  environments  of  temperature  and  salinity  which  complicates  field 
procedures  and  hindai^j direct  application  of  the  Electrokinetograph  principle 
to  navigational  aids.  Of  the  experiments  conducted  to  measure  bhe  forward 
speed  of  the  ship,  and  its  set  in  a  current^  neither  were  wholly  successful 
because  of  aero-point  drift.  Studios  of  zero-point  drift  and  i.us  dependence 
on  the  temperature  and  salinity  of  the  environment  have  been  made  in  the 
laboratory.  Future  work  in  this  d\rection  faces  the  Law  of  Diminishing  Re¬ 
turns  and  so  it  has  been  decided  to  abandon  further  experiments  with  elec¬ 
trode  materials  and  phenomena  unti..  it  can  be  arranged  for  a  cenpetent 
theoretical  electrochemist  to  stud/  the  problem. 

Approximately  six  weeks  were  jnent  at  saa  with  the  Electrokinetograph 
( Balanus  Cruises  6,9,14,16  St  17  and  Atlantis  Cruise  149}  see  figure  0)  to 
gather  data  on  the  validity  of  the  instrument  as  a  current  meae uring  device. 
Half  of  this  sea  time  was  spent  in  water  shoaler  than  150  fathc/.is  to  de¬ 
termine  the  effects  of  depth  and  b  .ttora  resistivity  on  the  valv.u  of  k  the 
correction  coefficient  in  the  fund  mental  relationship 

Emf  -  (b  10"8  =  (V  x  Ha)  10~8  =  k(irj  (1) 


(* )  Reprinted  and  bound  between  th  se  covers  following  the  index.  This 
report  is  essentially  an  announcom  nt  of  early  results  and  contains  a  few 
representative  voltage  traces  toge  her  with  Faraday's  original  statement 
of  the  physical  effects  which  he  e  .pected  would  produce  them. 


o 


'ATLANTIS' 

'BALANUS* 


The  value  of  k  was  found  to  be  unity  everywhere  outside  the  50  fathom  contour 
regardless  of* bottom  character,  but  to  vary  over  wide  ranges  within  t)iat 
depth  for  a  number  of  re  Mono 


These  cruises  also  provided  acquaintance  with  the  "normal"  voltage 
trace.  Hours  on  watch  spent  in  follovrlng  the  trace  as  it  was  written  on 
the  strip  ohart  made  it  possible  to  discern  characteristic  voltage  signa¬ 
tures  for  various  maneuvers  of  the  ship  and  various  kinds  of  v/ater  motions . 
Sufficient  data  ware  collected  for  a  few  tentative  ideas  to  have  been 
developed  con earning  the  water  motions  themselves.  Several  experimental 
sailing  plans  were  devised  on  these  cruises  designed  to  reveal  further 
details  of  the  oceanographic  features  through  which  the  ship  made  her  way 
and  to  gather  these  data  with  the  greatest  economy  of  time  and  effort.  Of 
the  voltage  signatures  recorded  a  large  number  were  asaribable  to  sources 
other  than  water  motions.  These  are  called  artifacts  and  have  been  satis¬ 
factorily  explained  and  distinguished  from  the  water  motion  signals.  While 
earth-current  signals  are  discussed  under  this  heading  they  are  of  natural 
origin  and  have  received  separate  study  along  with  the  control  observations 
of  earth- currents  for  the  purpose  of  extracting  these  background  signals 
from  the  Electrokinetograph  records.  An  arbitrary  scale  of  earth-current 
intensities  has  been  developed  and  standardized  in  absolute  units  and  the 
changes  of  the  absolute  magnitude  of  these  intensities  between  the  land  and 
the  eea  have  been  measured  a  number  of  times 0 


Instrumentation  of  the  Electrokinetograph  has  been  Improved  consider¬ 
ably  as  has  its  general  convenience.  Auxiliary  circuits  have  been  devised 
which  will  control  the  amplitude  of  the  wave  signal  and  thus  reveal  the 
amplitudes  and  characters  of  lass  obvious  water  motion  signals,  renew  and 
adjust  the  electrode  surfaces  for  proper  operation  without  having  to  haul 
the  electrodes  aboard,  >and  also  measure  the  electrode  resistance  without  dis¬ 
turbing  their  zero-point .  A  Magneeyn  compass  has  been  installed  on  the 
instrument  panel  so  that  the  course-  of  the  ship  can  be  studied  both  as  a 
check  on  the  helmsman  during  the  execution  of  the  "sailings"  and  as  a  guide 
to  the  accuracy  of  current  direction  measureiur  .  .  The  power  supply  section 

is  now  divorced  from  the  ship  by  a  high  grade  isolation  transformer  and  the 
input  voltage  and  frequency  are  presented  on  the  panel  by  appropriate  meters. 
These  indicators  and  controls  increase  the  stability  of  performance  and. 
time  registration  of  the  strip-chart  recorder.  The  speed  of  response  of 
the  recorder  has  been  increased  from  12  seconds  full  scale  sweep  to  1.7 
seconds,,  This  enables  most  wave  signals  to  be  recorded  without  appreciable 
mechanical  amplitude  suppression  as  was  formerly  the  case. 


The  theory  of  the  instrument  has  undergone  further  clarification  from 
the  standpoints  of  both  practical  observation  and  mathematical  analysis , 
Certain  questions  are  too  cumbersome  or  obscure  for  effective  mathematical 
treatment  but  most  of  these  can  be  answered  by  means  of  experiments  in  the 
xieid,  hhile  this  approach  lacks  academic  elegance  and  to  some  extent 
clouds  the  issues  with  uncertainty,  it  has  been  used  in  addition  to  the 
mathematical  treatment  whenever  possible.  Seme  of  the  present  knowledge  of 
the  effects  and  capacities  of  the  instrument  is  wholly  of  experimental  origin 
and  some  is  desk  work.  The  zone  of  overlap  between  the  two  is  widening  as 
time  goes  on,  and  as  theory  and  practice  are  reconciled. 


II  Directional  Errors,  Magnitude  Errors 

The  detcrroinatlon  of  current  direction  by  moans  of  the  Eloctrokineto- 
gr&ph  is  theoretically  an  exact  as  the  precision  of  voltage  measurements 
and  theory  of  errors  will  allow.  But  practically,  there  are  other  errors 
to  be  accounted  for  as  follows:  The  directions  along  which  voltage  meas¬ 
urements  are  made  are  measured  by  the  ship's  compass  which  is  subject  to 
small  systematic  and  accidental  errors .  This  compass  also  acts  as  a  guide 
to  the  helmsman  who  does  his  best  to  curb  its  wanderings.  In  correcting 
the  course  of  the  ship  to  make  the  compass  read  the  requested  heading  hio 
course  yaws  more  or  less  from  side  to  side  of  the  heading  depending  on  the 
wind  and  sea  state.  Ordinarily  the  yaw  Is  of  the  order  of  2  or  3  degrees, 
but  in  bad  weather  it  may  reach  15  or  even  20  degrees  in  small  ships.  ’  The 
interelectrode  portion  of  the  cable  is  about  2,5  timos  the  ship's  length 
away  and  consequently  yaws  somewhat  less  than  the  ship  does.  But  It  must 
yaw.  For  this  reason  a  course  must  be  held  for  a  sufficient  length  of  time 
for  the  yawing  process  to  pass  thro  tig  h  several  cycles  so  that  the  voltage 
changes  from  the  turn  signals  generated  can  be  averaged  out.  The  turn  sig¬ 
nals  are  negligible  but  the  sinusoidal  path  of  the  ship  may  bo  terminated  at 
any  point  in  which  case  the  average  direction  of  the  ship's  course  from  the 
initial  point  to  the  end  point  may  be  different  from  the  requested  heading. 

The  amount  of  this  difference  has  been  etudied  during  observations  of  currents 
at  sea. 

For  this  study  &  remote  indicating  Magnesyn  compass  was  installed 
separately  from  the  ship's  compass  and  the  indicator  placed  on  the  panel 
of  the  Electrokinetograph.  In  this  way  the  voltage  signals  and  the  behavior 
of  the  ship's  head  oould  be  followed  together.  It  wa3  found  that  the  turn 
signals  were  inconsequential  but  that  the  yawing  ranged  between  the  values 
given  above.  In  general  the  helmsman  "worked  the  wheel"  about  twice  each 
minute  so  that  the  period  of  the  sinusoidal  track  in  time  is  fairly  uniformly 
of  the  order  of  1  minute.  In  one  minute  the  ship  travels  600  feet  at  6 
knots  and  if  the  half-angle  of  yaw  is  2.5  degrees  the  maximum  distance  off 
the  intended  track  is  roughly  13  feet.  Taken  over  a  period  of  4  minutes  on 
a  jog  this  amounts  to  an  uncertainty  of  only  1?  minutes  of  arc  on  either 
side  of  the  heading,  closer  than  the  accuracy  of  the  compass.  But  for  yaws 
having  a  half  angle  of  7.5  degrees  the  greatest  departure  is  about  40  feet 
on  either  eide  of  the  course,  which  again  over  a  4  minute  course  amounts  to 
an  uncertainty  of  about  1  degree  on  either  side  of  the  steered  heading.  Thuo 
the  probable  error  of  heading  for  both  courses  is  less  than  -  2  degrees  under 
the  most  adverse  conditions ,  On  longer  legs  or  in  better  weather  or  in  big¬ 
ger  ships  the  probable  error  of  heading  becomes  negligible,  provided  the 
ship's  compass  is  in  good  adjustment. 


Accompanying  the  directional  error  there  is  an  error  in  magnitude  of 
the  resultant  voltage  and  the  current  calculated  from  each  pair  of  component 
measurements.  If  the  components  are  at  right  angles,  as  is  standard  prac¬ 
tice,  the  greatest  magnitude  error  occurs  when  the  resultant  bisects  this 
angle  and  whan  the  angular  errors  are  in  opposite  directions  from  the  roaul- 
tant.  To  calculate  the  magnitude  error,  it  is  the  angular  difference  between 
the  lines  connecting  the  true  initial  point  with  the  true  end  point  and  the 
intended  end  point  of  a  component  course  that  must  be  considered.  In  good 


weather,  &a  explained  above,  this  angle  totals  34  minutes  and  rises  to  2 
degrees  in  bad  weather*  If  the  bad  weather  error  is  made  in  opposite  direc¬ 
tions  on  two  component  courses  at  90°  to  each  other  and  the  resultant 
bisects  this  angle  the  greatest  magnitude  error  is  under  5#»  A  number  of 
experiments  in  deep  water  in  Doth  good  and  bad  weather  with  control  measure¬ 
ments  of  current  speed  show  that  magnitude  errors  seldom  exceed  5$« 

The  forward  motion  of  the  observing  chip  has  no  offoct  upon  the  recep¬ 
tion  of  signals  from  the  water,  neither  does  It  produce  an  error  in  the 
direction  between  the  compass  heading  of  the  a hip  and  that  of  the  lntereleo- 
trode  line*  The  basis  of  this  assertion  is  simply  that  the  ship  and  the 
eloctroda  line  in  a  current  are  acted  upon  by  the  same  forces  and  relative 
to  the  current  there  is  no  motion  except  the  forward  action  of  the  ship  and 
the  towed  electrodes.  Taking  the  bottom  and  the  magnetic  field  of  the  earth 
as  the  inertial  system,  however,  there  is  more  to  consider.  In  this  case 
the  progress  of  the  ship  and  electrodes  lies  along  the  resultant  composed 
of  the  ship's  forward  motion  vector  and  tho  current  vector.  This  still  does 
not  alter  the  alignment  of  the  ship's  keel  and  the  electrode  line,  but  doee 
produce  a  lateral  component  of  motion  which  is  greatest  when  the  ship  is 
sailing  at  right  angles  to  tho  current.  In  this  case  the  cable  connecting 
the  electrodes  sweeps  out  an  area  per  unit  time  which  has  the  shape  of  a 
square  if  the  ship  is  hovo-to  across  the  current  and  the  shape  of  a  paral¬ 
lelogram  if  the  ship  is  underway.  The  area  of  the  square  (ab)  Is  exactly 
the  same  as  that  of  the  parallelogram  (ab)  no  matter  how  fast  tho  ship  may 
go  since  the  lateral  set  of  the  ship  (a)  is  not  altered  and  neither  is  the 
interelectrodo  distance  (b).  The  product  of  these  two  quantities  define  the 
area  swept  by  the  interciectrode  line  per  unit  time. 

If  the  ship  is  not  sailing  at  right  angles  to  the  current  but  at  some 
arbitrary  angle  0  the  area  of  sweep  is  determined  by  the  product  of  tho 
set  of  the  current  per  unit  time  and  the  interelectrode  distance  corrected 
for  the  cosine  of  Q  .  Again  the  forward  speed  of  tho  3hip  does  not  enter 
and  is  of  no  consequence  to  the  measurements. 


This  reasoning  has  omitted  the  effects  of  wind  on  the  ship  for  the 
good  reason  that  wind  causes  trouble.  Wind  from  any  direction  except  dead 
ahead  and  dead  astern  sets  the  ship  without  setting  the  electrodes.  This 
produces  an  error  in  alignment  between  the  heading  of  tho  ship  and  tho 
aaimuth  of  tho  interelectrode  line.  The  magnitude  of  this  angular  error 
dependa  upon  the  set  the  wind  gives  the  ship  rather  than  on  the  strength 
of  the  wind  itself.  It  can  be  defined  easily  as  the  ratio 


Ship's  leeway  (knots) 

Ship's  speed  forward  (knots) 


tan  (2) 


where  k.  is  the  alignment  error  botwoen  the  ship's  keel  and  the  electrode 
cable .  In  the  numerator  It  is  the  sideways  motion  (leeway)  of  the  ship 
that  io  important  and  not  the  total  windage  for  the  reason  that  the  com¬ 
ponent  of  windage  parallel  to  the  keel  merely  alters  the  ship's  forward 
speed.  Forward  speed  is  measurable  by  the  log  even  though  it  is  not  en¬ 
tirely  imparted  by  the  engines  or  sails.  The  greater  the  ship's  speed 
through  the  water  the  smaller  both  tan <3^ and  <k. itself  become.  This  error 


Is  quite  large  during  rough  weather  in  amuH  ships  like  the  Bal&nua  which 
makes  leeway  in  beam  winds  and  waves  of  force  4  as  rapidly  as  1  knot.  Her 
forward  speed  under  such  conditions  must  bo  reduced  to  5  knots  which  brings 
the  value  of  i.  to  a  little  more  than  11  degrees .  Much  rougher  weather 
was  experienced"  on  tho  Atlantis .  a  bigger  chip,  doaper  and  heavier  in  all 
respects  yet  even  her  leeway  vms  between  half  and  three-quarters  of  a  knot. 
Her  forward  speed  however,  could  ba  held  at  7  knots  without  discomfort ,  In 
this  instance  the  value  of  was  5  degrees;  ctill  not  inconsiderable. 
Fortunately  this  error  is  systematic,  and  if  the  ship's  win dago  can  be 
measured  by  chip  or  current  motor  ite  components  can  be  allowed  for  on  ail 
headings  and  the  current  measurements  corrected  accordingly. 

A  similar  alignment  error  will  arise  when  the  Slectroklnetograph  is 
used  for  the  measurement  of  deep  currents.  The  observing  ship  floating  in 
the  surface  current  rdll  be  set  by  that  current  while  the  electrodes  in  a 
deeper  current  or  another  portion  of  the  surface  ourrent  will  experience 
a  different  set.  Thus  the  aalmuth  of  the  keel  of  the  ship  will  not  coin¬ 
cide  with  that  of  the  interelectrodo  line  because  that  will  be  aligned  with 
a  resultant  which  is  the  "effective  current"  produced  by  the  ship's  geo¬ 
graphic  motion  and  the  deep  current.  This  resultant  is  calculable  only  when 
both  vectors  are  known,  consequently  it  will  be  necessary  to  observe  the 
resultant  directly  by  Incorporating  a  direction  indicator  on  the  interelec-, 
trode  portion  of  the  electrode  cable.  This  expedient  would  also  cure  the 
difficulty  of  windage  errors  in  the  measurement  of  surface  currents  and 
make  the  observation  procedure  wholly  independent  of  winds,  currents,  leeway 
and  ship's  speed.  Such  an  Installation  (Hague ayn  remote  indicating  compass 
system  ie  contemplated.)  is  relatively  simple  and  can  be  accomplished  at  any 
time.  It  has  been  delayed  because  it  more  than  doubles  the  number  of  con¬ 
ductors  required  in  the  outboard  cable  and  increases  the  stiffness  and  cost 
of  the  cable  many  fold.  It  would  also  increase  the  bulk  and  drag  of  the 
outboard  gear  to  a  point  beyond  the  ability  of  one  man  to  handle  it  without 
mechanical  aid.  This  complication  has  to  be  met,  however,  if  the  greatest 
precision  and  usefulness  is  to  be  gained  from  the  instrument  as  a  whole. 


CD  i£) 


Ill  Validity  Studies 


Tho  validity  of  current  measurements  mads  with  tho  Llectroklnetograph 
has  been  under  scrutiny  from  the-  very  beginning.  Four  methods  have  been 
employed  thus  far: 

a)  Comparison  of  measured  current o  with  predicted  currents  near 
lightships  .listed  in  the  Currant  Tables.  Atlantic  Cosat.  1947. 

b)  Comparison  of  measured  currents  with  other  measurement  a  made 
from  an  anchored  ship  with  "von  Arx  footer"  Model  2» 

c )  Comparison  of  measured  currents  with  current  dot  9  mined  from 
repeated  Loran  fixes  on  .a  drifting  ship  whoa a  drift  is  corrected  for 
windage. 

d)  Comparison  of  measured  currents  with  ourrents  determined  from 
current  poles  released  near  a  temporary  buoy  and  fixed  on  by  angles  to 
shore  points  or  measured  by  sailing  at  constant  speed  from  the  end  of  the 
pole  field  to  its  origin. 

Concerning  ( a)  remarkable  coincidence  of  direction  has  boon  obtained 
by  this  method  in  rotary  currents  on  tho  continental  shelf.  The  magnitude 
of  the  current  is  usually  in  error  by  a  constant  amount  due  to  tho  effeoto 
!)*  tho  k  factor.  .  These  comparisons  were  made  in  excellent  weather  during 
tiie  summer  when  wind  drift  errors  were  email.  The  absence  of  wind  drift 
effects  is  attested  te  by  the  fact  that  the  ratio  (k)  of  the  obaervod  and 
predicted  currents  remained  nearly  constant  for  a  large  variety  of  current 
directions. 


this  method  was  largely  inconclusive  for  the  reason 
that  no  experienced  observers  ware  available  to  man  the  propeller  typo 
current  mater  suspended  from  the  anchored  ship.  It  la  very  diffioult  for 
an  inexperienced  observer  to  detect  and  exclude  tho  signals  generated  bv 
the  yawing  and  riding  of  a  ship  on  her  anchor  from  thoee  of  the  true  our- 
rent.  The  Model  2  meter  provides  the  dock  observer  with  continuous  indi- 
c at ions  oi  the  relative  current  composed  of  the  motions  of  tho  ship  on  her 
anchor  and  the  true  current.  By  studying  the  rhythm  of  the  ship's  motions 
fn  °'u3ar™r  f3*5  ««ctract  the  true  currant  with  reasonable  certainty,  but  due 
^  *ha  *£f®Qts  f  rather  waves  on  the  small  boat  and  on  the  digestive 

wracte  of  the  observers  not  much  was  accomplished  in  tills  way. 

A  jaaSg^BSlal  a  tiaBtaov  of  prolonged  (3  to  5  hours)  drift  stations  were 
occupied  both  inshore  and  at  sea  during  which  the  Loran  was  used  at  20  min- 
u  e  intervals.  In  addition  the  chips  windage  was  measured  repeatedly  by 
means  of  the  Model  2  meter  overboard  and  the  average  of  that  motionsuiZ 
tracted  vectorially  from  the  geographic  drift.  The  result  gave  the  current 
component  which  showed  excellent  agreement  with  the  currents  indicated  by 

..CuiToata  33  owlft  as  5*5  knots  ware  verified  by* 
this  method  in  the  Gulf  Stream,  * 


Concerning  ( d)r  which 
secured  until  a  sufficient 


is  aelf  explanatory,  disappointing  results  were 
number  of  observations  were  made  in  different 


depths  of  water  to  indicate  the  existence  oi  the  k  factor*  The  data  con¬ 
cerning  the  k  factor,  to  be  discvssed  later,  were  accumulated  by'  this 
method  only  at  first  and  later  by  methods  (a)  and  (c)» 

The  problem  of  measuring  currents  is  inherently  so  difficult  that 
one  is  put  to  it  to  devise  satisfactory  methods  for  checking  an  instrument 
that  probably  measures  currents  more  certainly  than  any  of  its  checks.  To 
date  nc  comparison  lias  been  mads  between  currents  measured  v&th  the  Elec¬ 
trokinetograph  and  those  deduced  from  dynamic  Computations.  This  is  an 
extremely  interesting  experiment  from  many  points  of  view  and  may  be  exe¬ 
cuted  very  soon. 

All  reliable  measurements  made  vdth  the  methods  just  outlined  have 
been  compared  with  current  measurement*  made  at  the  same  times  anti  stations 
with  the  Electrokinetograph,  As  it  is  difficult  to  say  "which  is  correct" 
the  directional  differences  between  the  two  measurements  are  tabulated 
as  follows: 


Table  1 


Method 

(a) 

(b) 

(c) 

(d) 

Total  tests 

45 

26 

37 

21  (131) 

No.  Agreements  within  I  2° 

ie(40$) 

W) 

10(27$) 

4(19$) 

^  o 

No.  Agreements  within  -  5 

27(60$) 

3(11$) 

26(70$) 

9(43$) 

Average  angular  disparity 

0 

4 

35° 

5° 

12° 

The  poor  results  from  method  (b)  are  almost  certainly  due  to  improper  inter¬ 
pretation  of  the  indications  from  the  propeller  type  meter.  It  is  interesting 
to  note  that  the  average  angular  disparity  for  method  (d)  lies  within  the 
values  for  the  angular  divergence  of  a  field  of  poles,  which  at  Bikini  was 
found  to  vary  from  8°  to  14°  and  at  Woods  Hole  to  range  between  11°  and  15°. 

Dye  trails  show  a  similar  angular  divergence  and  when  run  with  current  poles 
there  is  a  strict  correlation  of  the  boundaries  of  the  dye  trail  and  the 
greatest  width  of  a  field  of  curj'ent  poles  released  from  the  same  point  at 
the  same  time.  It  is  reasonable  to  expect  that  the  angular  resolving  power 
of  the  Electrokinetograph  is  low  in  tortus  of  small  angular  variations  in  the 
direction  of  water  motion  which  can  be  encompassed  between  the  electrodes  and 
that  it  is  eeiisitive  to  something  approaching  the  mean  motion  between  these 
limits.  Therefore,  if  the  Electrokinetograph  measures  the  average  direction  of 
water  motion  between  the  electrodes  and  the  signal  is  read  as  the  average  over 
several  minutes  run,  it  is  reasonable  to  conclude  that  the  angular  disparity 
of  each  pair  of  ca&parative  measurements  results  from  the  difference  between  the 
average  direction  of  water  motion  and  the  detailed  motion  of  any  small  parcel 
shown  by  the  current  pole.  The  improved  correlations  existing  between  the 
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Electrokinetograph  measurements  and  those  by  ant hods  (a)  and  (c)  boar  out 
this  argument  sinco  both  of  these  latter  methods  involve  the  average 
direction  of  water  motion  accumulated  from  a  largo  number  of  observations 
in  tho  case  of  (a),  and  a  relatively  long  time  span  in  tho  case  of  (c). 

k  factor 

The  correlation  of  current  magnitude  as  shown  by  the  Electrokinetograph 
measurements  with  measurements  made  by  other  methods  (a),  (b),  (c)  and  (d) 
reveals  a  systematic  difference  which  apparently  depends  upon  the  total  depth 
of  water.  Afore  than  half  of  the  comparative  teste  ware  made  in  water  shoaler 
than  150  fathoms.  In  figure  1  the  results  of  these  observations  are  plotted 
against  station  depth.  The  coordinates  are  logarithmic  in  both  directions 
so  that  the  details  arc  less  crowded  near  the  origin. 

The  factor  k  was  originally  defined 

k  *  ^  the  "expected  voltage” 

e  the  observed  voltage 

This  choice  af  possible  definitions  is  admittedly  a  poor  ana  but  it  serves 
to  reveal  the  relationship  between  the  voltage  expected  from  Faraday* e 
Equation  for  a  given  magnet o-meohanical  situation  and  the  voltages  actually 
observed.  As  e  is  commonly  leas  than  or  equal  to  J3  the  value  of  k  is  cor¬ 
respondingly  equal  to  or  greater  than  unity.  Of  the  98  values  of” k  plotted 
ih  figure  1  all  but  6  are  equal  to  or  greater  than  unity.  The  6  less  than 
unity  are  plotted  as  their  reciprocals  and  denoted  by  small  squares  so  as 
to  compress  the  ordinates  within  the  cempass  of  two  logarithmic  cycles. 

It  appears  from  the  points  on  this  graph  that  beyond  50  fathoms  the 
assurance  of  unit  k  is  extremely  high;  but  why  50  fathoms?  The  whole  matter 
will  be  explained  in  Chapter  VII  on  Theory  but  let  it  be  hinted  here  that 
the  total  depth  is  far  less  important  than  the  ratio  of  the  depth  of  the  sur¬ 
face  current  to  the  total  depth.  Within  the  50  fathom  curve  rotary  tides 
dominate  the  current  systems.  These  tides  cause  water  motions  which  extend 
almost  to  the  surface  of  the  continental  shelf.  For  this  reason  the  *' sur¬ 
face”  current  thickness  and  the  total  depth  of  water  are  very  nearly  the 
same  and  as  a  result  the  value  of  k  rises  abruptly.  At  the  edge  of  the  shelf 
the  tidal  motions  are  less  significant  and  the  surface  water  motions  art 
underlain  by  relatively  thick  layers  of  water  which  do  not  necessarily  par¬ 
ticipate  in  the  surface  motion.  These  layers  produce  the  natural  short  cir¬ 
cuit  required  to  lower  the  value  of  k  to  something  approaching  unity. 

Superficial  features  in  the  water  such  as  turbulence  structures,  waves 
and  thin  layers  of  water  driven  by  the  wind  are  probably  recorded  at  very 
nearly  unit  k  values  even  though  the  thicker  current  in  which  they  occur  may 
have  a  high  k  value. 

Measurements  of  sea  bottom  resistivity  (McKelvey  1944)  show  that  the 
electrical  depth  is  very  little  greater  than  the  physical  depth.  That  is  the 
total  conductivity  of  the  sea  bottom  when  converted  to  a  prism  of  sea  water 


of  equal  conductivity,  adds  little*  to  tho  affective  conducting  prism  offered 
by  tho  coa  water  alono.  Work  on  this  problem  conducted  along  the  Eastern 
and  Gulf  seaboards  of  the  United  States  shows  that  a  prism  of  sea  water 
ranging  from  0  to  15  or  25  feet  thick  need  be  addQd  to  the  local  depth  to 
give  the  same  total  conductivity  as  the  combined  conductivity  of  the  sea 
water  and  Eater  saturated  bottom  material.  Thus  the  k  factor  rises  in 
shoal  water  when  the  current  extends  to  the  bottom  even  though  there  is  a 
stationary  conducting  path  in  tho  sedimentary  floor.  If  tho  eea  floor 
were  composed  of  a  thick  carpet  of  copper,  would  not  rise  in  the  aone  of 
rotary  tidal  currents. 


All  measurements  of  potential  in  the  eoa  made  with  the  KlectrcJcineto- 
graph  have  a  certain  background  or  "noise  level"  derived  from  the  ambient 
potentials  and  currents  .in  the  lithosphere  and  hydrosphere.  It  la  not  fully 
known  to  what  sources  these  currents  owe  their  origin  but  they  are  associa¬ 
ted  in  their  times  of  occurrence  and  magnitude,  with  fluctuations  in  the 
magnetic  envelope  of  the  earth,  the  occurrence  of  solar  flares,  and  perhape 
the  interaction  of  streams  of  charged  particles  from  these  flares  with  the 
magnetic  field  of  the  earth.  The  arrival  of  such  streams  may  be  the  cause 
of  aurorae  which  are  also  associated  in  time  and  magnitude  with  earth  cur¬ 
rents  .  Whatever  their  origin,  earth-currents  are  recorded  by  the  Electro- 
kinetograph  at  sea.  The  intensity  of  the  earth  current  background  varies 
from  day  to  day  and  reaches  "storm"  intensity  on  the  average  of  from  il>out 
3  to  6  days  par  month.  During  "storm"  conditions  the  earth-current  signal 
is  larger  than  tho  signal  received  even  from  very  swift  water  motions,  con¬ 
sequently  such  periods  are  unsuitable  for  current  measurements.  At  other 
times  during  each  month  there  are  "disturbed"  days  when  the  earth-current 
background  has  roughly  3  to  5  times  its  "quiet"  amplitude.  This  rise  in 
the  background  noise  level  raises  the  threshold  velocity  sensitivity  of  the 
Electrokinetograph  from  1  om/eoc  to  about  5  cm/sec  but  does  not  influence 
its  directional  sensitivity  appreciably.  Oceanographic  measurements  to  the 
nearest  5  am/sec  is  sufficient  accuracy  for  many  purposes,  consequently  only 
10  tq  20  per  cent  of  each  month  is  completely  lost  through  background  inter¬ 
ference.  Those  estimates  are  based  on  present  conditions  and  those  of  the 
past  year,  a  year  of  exceptional  solar  activity.  For  this  reason  they  may 
be  somewhat  pessimistic  compared  with  estimates  for  quiet  solar  years. 
Nevertheless,  even  the  present  estimate  of  time  lost  tlirough  geophysical 
interference  is  not  discouraging  and  if  the  threshold  values  of  sensitivity 
of  tho  instrument  are  recognised  as  being  variable,  reliable  work  should  be 
capable  of  accomplishment  on  more  days  per  month  than  are  usually  available 
when  only  meteorological  interference  is  considered.  The  occurrence  <n 
meteorological  and  geophysical  disturbances  are  completely  unrelated  at  any 
given  point  so  that  it  is  entirely  possible  for  a  day  of  excellent  weather 
to  be  lost  through  excessive  background.  On  the  other  hand  very  bad  weather 
meteorologically  may  be  ideal  geophysically  in  which  case  observations  of 
water  motions  during  heavy  storms  can  be  made  with  perfect  confidence.  Such 
observations  are  of  great  value  to  oceanography. 

As  yet  it  is  impossible  to  determine  from  the  Eleotrckinetograph  record 
itself  just  how  much  of  the  signal  is  due  to  water  motion  and  how  much  cccies 
from  the  earth-current  background.  For  this  vaason  it  is  necessary  to  maintain 
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a  control  which  records  earth— currents  alone  and  to  oporito  '■*i ljl uR.rol 
station  throughout  every  cruinc .  The  present  technique  employs  the  well 
established  fact  that  earth-currents  are  of  a  world-wide  nature  (Hoc-noy 
I947 j  Fleming  1941)  and  that  observations  made  at  one  station  may  be 
assumed  to  indicate  the  conditions  at  a  distant  station  quite  well.  This 
assumption  is  thought  to  be  especially  valid  in  the  sea  because  of  the 
electrical  homogeneity  of  the  medium  in  which  the  earth-currents  flovi  , 
Stations  on  the  lithosphere  are  subject  to  local  interference  from  the 
channeling  of  earth-currents  in  portions  of  the  crust  which  have  lower 
resistivity  than  the  surrounding  region  (Rooney  1947 ) «  This  changes  the 
absolute  magnitude  of  the  earth-current  potentials  and  may  also  alter  the 
character  of  their  fluctuations  somewhat  by  changing  the  direction  of  flow. 
The  sea  is  close  to  having  perfectly  isotropic  resistivity  and  consequently 
the  direction  and  magnitude  of  earth  currents  in  deep  water  are  very  nearly 
the  same  over  areas  tens  of  degrees  square.  Near  shore  some  influence  of 
the  increasing  proportion  of  bottom  resistivity  is  probably  tc  be  felt  but 
the  superficial  layer  of  electrolyte  undoubtedly  has  the  effect  of  smoothing 
out  variations  of  the  bottom  resistivity  when  the  entire  prism  of  sediment 
and  electrolyte  is  taken  into  account.  There  is  a  further  effect  at  the 
shore  line  pointed  out  by  Barber  (A.R.L.)  that  arms  of  the  sea  tend  to  col¬ 
lect  earth-curr3nts  as  they  offer  a  path  of  lower  resistance  than  is  found 
in  the  land.  This  effect  would  tend  to  exaggerate  the  magnitude  of  earth- 
currents  measured  in  embayments  of  all  kinds,  and  diminish  them  around 
promontories .  There  is  no  apparent  reason  to  expect  either  effect  to  alter 
the  relative  amplitude  changes  and  general  character  of  recorded  earth- 
current  fluctuations  except  to  change  their  direction  in  some  degree. 

The  present  method  of  extraction  of  background  from  the  Electrokineto- 
graph  records  is  quite  crude.  Observations  at  sea  and  at  the  shore  station 
are  made  simultaneously.  At  the  end  of  the  cruise  the  shore  station  record 
la  studied  and  the  periods  of  "storm",  "disturbed"  and  "quiet"  are  determined 
on  \he  basis  of  3-hour  indices  beginning  at  0000  GMT.  The  trace  amplitudes 
are  measured  against  an  arbitrary  scale  from  0  to  9  and  the  average  charac¬ 
ter  of  each  3-hour  period  given  an  index  number.  In  this  way  each  day's 
earth-current  activity  in  reduced  to  an  eight  digit  number  which  can  be 
tabulated  and  read  with  considerable  efficiency.  The  scale  corresponds  to 
potentials  in  millivolts  per  kilometer  as  follows: 

Table  2 


0.1  ..  2.  .  3  EZHZZS  7  -8  .9  "  . 

1.0  2.0  3.15  6.0  11.5  1B.0  26,5  35.0  36.5  40.0  mv/km  and  over 

*  "quiet"!  (  "disturbed'1';  (  "storm"  } 

The  ranges  of  indices  corresponding  to  "storm",  "disturbed"  and  "quiet" 
classifications  are  different  for  each  of  the  periods  which  have  been  dis¬ 
criminated  thus  far  as  shown  in  table  3,  But  taken  as  a  whole  the  trace 
can  be  classified  as  shown  above.  Portions  of  the  voltage  trace  from  the 
lilectrokinetograph  having  a  background  index  of  0  or  1  are  considered  to 
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have  an  accuracy  of  magnitude  0f  1  cm/sec,  for  indices  2,  3,  and  4  an  ac¬ 
curacy  of  5  cm/sec  is  assumed,  and  for  5  or  more  the  records  are  rejected 
a3  unreliable.  These  limits  are  derived  from  the  background  voltage  picked 
up  at  S8a  along  an  interelactrodo  distance  of  38  meters,  v;hich  in  local 
magnetic  latitudes  gives  a  sensitivity  of  1  mv/knot  on  the  Electrokineto- 
graph  tape.  This  tape  is  graduated  to  0.1  mv  divisions  which  can  be  read 
to  the  width  of  the  ink  line  0.01  mv  which  is  also  the  value  of  the  minimum 
discrimirmble  signal.  This  corresponds  to  a  'water  motion  of  0,5  cm/soc.  *  It 
has  bean  found  that  records  of  the  same  background  disturbance  at  eea  and 
ashore  differ  in  itenaity  by  a  factor  of  from  4  to  10,  the  records  taken  at 
sea  being  the  smaller*  This  is  understandable  because  of  the  lower  resis¬ 
tivity  of  the  sea,#  Allowing  a  factor  of  5  between  the  records  ashore  and  at 
aea  a  shore-recorded  background  of  2,6  mv/krn  can  be  tolerated  without  invali¬ 
dating  an  assumed  accuracy  of  1  cm /sec.  An  accuracy  of  5  cm/eec  corresponds 
to  a  background  voltage  disturbance  within  the  compass  of  0.1  mv  on  the  Eleo- 
troklnetograph  and  a  maximum  tolerable  earth-current  variation  of  13.0  mv/km 
as  measured  by  the  shore  based  recorder.  Backgrounds  larger  than  this  are  so 
irregular  and  contain  large  amplitude  variations  in  the  1  to  60  minute  range 
which  badly  confuse  the  records  of  current  boundaries,  eddies  and  currents 
themselves . 


It  has  been  necessary  to  make  a  careful  study  of  the  characteristic 
traces  of  earth-current  records  in  order  to  distinguish  them  frem  the  signals 
originating  in  the  sea.  In  character  both  kinds  of  signals  are  periodic  or 
semi-periodic  but  those  generated  by  water  motions  are  smoother  and  more 
nearly  sinusoidal  than  the  spiked  and  sharply  variable  short  period  signals 
from  earth-currents.  This  subjective  difference  is  confused  by  a  zone  of 
uncertainty  which  is  particularly  broad  for  the  long  period  variations .  Sig¬ 
nals  having  periods  under  20  seconds  are  easily  verified  as  they  are  princi¬ 
pally  caused  by  waves. 


The  earth-current  variations  which  have  been  discerned  in  the  Woods 
Hole  records  are  the  dirunal  variations,  variations  of  the  order  of  an 
hour’s  duration  possibly  related  to  the  "range  effect"  of  Guelcke  and 
Snhoute-Vanneck  (1-947)  and  still  other  very  short  period  variations  requir¬ 
ing  one  order  of  10  minutes,  1  minute  and  fractions  of  a  second  to  execute 
«  cycle.  The  amplitudes  of  these  variations  chango  with  the  total  signal 
amplitude  in  the  manner  show  in  table  3, 


(*)  It  has  been  found  that  the  amplitudes  of  earth-current  signals  of  "storm" 
intensity  measured  at  sea  ere  less  than  those  measured  during  the  same  storm 
at  Vvoods  Hole.  Simultaneous  measurements  in  the  same  azimuth  yielded  voltages 
which  200  miles  at  eea  were  on  the  average  only  1/5  a s  la tro  as  the  correspond- 
ins  eigaalc  picked  up  across  Weeds  Hele,  Thick/  b.  the  Jesuit  of  S3? 
cation  of  earth-currents  in  ambaymentc  suggested  by  Barber  in  his  recent  paper 
to  the  Royal  Astronomical  Society  (Gcophys.  Sect’n)  or  may  result  fw*n  .u.n  _ 
In  total  resistivity  retulting  from  the  replacement  of  water  for  earth  in  a 
prism  of  given  depth  as  the  currents  make  their  tray  seaward. 
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Table  3 


Values  in  millivolts  per  kilometer  of  the  several  kinds  cf  periodic  earth- 
current  disturbances  recognized  in  i-V  .H.O.I.  data. 


Storm 

Disturbed 

(max.) 

Quiet 

^ni  mnm 

Diurnal 

Greater 

than  26.5 

3.5  -  11.5 

3.0  -  4.0 

3.0  -  4.0 

>6 

(2)  -  (4) 

(2) 

(2) 

Range  Effect 

11.5  -  26.5 

11.5  -  26.5 

1.0  -  3o5 

less  than  1.0 

(30-60  min.) 

(4)  -  (6) 

(4)  -  (6) 

(0)  -  (2) 

(0) 

10-30  minute 

11.5  -  40.0 

3.5  -  18.0 

1.0  -  3.5 

lees  than  1.0 

(4)  -  (9) 

(2)  -  (5) 

(0)  -  k'4 

(0) 

1-10  minute 

11.5  -  18.0 

2.0-11.5 

1.0  -  3,5 

less  than  1.0 

w 

(4)  -  (5) 

(1)  -  (4) 

(0)  -  (2) 

(0) 

less  than  1  min. 

3.5  -  6.0 

1.0  -  2.0 

less  than  1.0 

less  than  1.0 

(2)  -  (3) 

(0)  -  (1) 

(0) 

(0) 

less  than  1  sec. 

2.0  -  6.0 

1.0  -  2.0 

less  than  1.0 

less  than  1.0 

1 

(1)  -  (3) 

(0)  -  (1) 

(0) 

(0) 

N.D,  Disturbances  haying  periods  between  1  and  6  hours  have  cljjio  been  in¬ 
frequently  observed. 

The  values  given  above  in  millivolts  per  kilometer  result  from  ex¬ 
pression  of  the  index  scale  in  absolute  units  and  should  net  be  interpreted 
as  more  than  a  guide  to  the  order  of  magnitude  of  the  potentials.  The 
values  are  also  distorted  by  the  non-linearity  of  amplitude  response  of 
the  galvanometer  to  frequencies  higher  than  3  cycles  per  minute. 

Some  effort  has  been  made  to  discover  a  means  for  detecting  the  state 
of  the  earth-current  background  at  sea  while  observations  are  in  progress. 

A  number  of  possibilities  suggest  themselves  and  some  have  been  studied  by 
others  (summary  Chapman  and  Bartels,  1940  and  Fleming,  1941);  the  state  of 
the  ionosphere  as  reported  at  frequent  intervals  by  ViWV,  the  degree  of  fad¬ 
ing  noted  by  the  ship's  radio  operator,  observation  of  the.  general  spotted¬ 
ness  of  the  sun  with  particular  attention  to  spots  transiting  near  the  center 
of  the  sun's  disc,  observation  of  the  polar  aurorae  and  also  of  the  general 
illumination  of  the  night  sky  compared  with  a  "radiolite'-  standard  kept  in 
darkness,  subjective  estimates  of  background  from  the  Elec trokinetograph 
trace  itself,  but  so  far  no  single  phenomenon  gives  rufficiently  close  corre¬ 
lation  to  the  record  of  the  shore-based  earth-current  recorder  to  be  used  as 
an  independent  guide  at  sea.  A  final  attempt  is  being  made  to  correlate  the 
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intensity  of  tho  01  lino  (3577  A }  ;Ln  the  speotrun  of  the  t  oky  with 
earth-current,  traces.  Thi3  line  ie  thought  to  result  dirootl/  from  tho 
arrival  of  charged  particles  from  the  sun  thou;  ht  by  some  to  oq  fundamen¬ 
tally  responsible  for  the  bulk  of  earth-current  disturbances  as  wall  as 
the  eloctrodelees  discharges  in  the  upper  atmosphere.  Results  of  this 
experiment  are  still  too  meagre  to  permit  discussion  of  its  probable  out¬ 
come. 

The  best  single  estimate  of  background  that  can  be  mads  at  sea  is  the 
subjective  study  of  the  "sense"  in  the  signal  record.  Ordinarily  the  obser¬ 
ver  can  anticipate  the  character  of  trace  to  bo  written  during  tho  execution 
of  maneuvers  by  the  helmsman.  For  example  in  running  squares  for  calibration 
and  fixing  instrumental  zero  the  observer  anticipates  that  the  signal  on  the 
east  and  west  courses  will  lie  symetrical ly  on  either  side  of  the  zero  estab¬ 
lished  by  running  the  north-south  courses.  In  times  of  earth" current  distur¬ 
bance  this  does  not  often  happen.  Other  clues  to  background  disturbance 
arise  when  the  trace  shifts  from  side  to  side  giving  "turn  signals"  when  the 
ship  is  not  turning,  or  when  erratic  drift  of  zero  is  compile  itod  by  kinks 
and  cusps  in  the  voltage  trace  recorded  on  a  straight  run.  T  ie  periodic 
earth-current  disturbances  have  nearly  the  same  period  and  amplitude  as  tur¬ 
bulence  signals  from  strong  currents  like  the  Gulf  Stream,  but  possess  a  much 
more  irregular  character  than  tho  smooth  undulations  of  volta  -e  generated  by 
the  moving  water.  Earth-current  disturbances  of  "storm"  inte’isity  frequently 
begin  instantaneously,  the  background  index  rising  from  1  to  8  or  9  in  less 
than  a  minute,  followed  by  slow  subeidenoe  of  signal  amplitude  during  the 
ensuing  12  to  36  hours.  The  onset  of  such  storms  can  be  discerned  if  tho  vol¬ 
tage  record  is  compared  with  that  of  the  shore-based  recorder,  and  if  it  is 
a  severe  storm  the  onset  can  be  detected  at  sea.  During  such  storms  nothing 
makes  sense.  Ship's  maneuvers  produce  meaningless  changes  of  voltage  when 
they  are  superimposed  on  a  rapidly  fluctuating  background.  When  puzzling 
effects  are  encountered  the  background  usually  has  increased  to  an  index  of 
5  or  more. 
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IV  Characteristic  Voltage  Signaturos  Recorded  by  the  Eloctrokinetograph 


A  variety  of  signals  are  now  recognized  as  being  characteristic  of  a 
number  of  phenomena  observable  with  the  Electrokinetograph,  These  fall 
naturally  into  two  categories,  ARTIFACTS  and  SEA  WATER  MOTIONS? 


Artifacts 

Turn  Signal 
S-T  Signal 

Temperature  effect 
Salinity  effect 
Zero  drift 

E-C  Background  Signals 
Thunderstorm  Signals 


Sea  Water  Motions 

have  Signal 
Turbulence  Signal 
Edc^  Signal 
Current  Signal 

Current  boundaries 


ARTIFACTS 


The  TURN  SIGNAL  is  the  potential  signature  between  the  steady  potential 
registered  on  one  course  and  the  steady  potential  measured  on  another  course 
immediately  following.  The  connecting  trace  begins  to  become  a  turn  signal 
from  10  to  30  seconds  aft or  the  ship  has  started  turning,  depending  on  the 
speed  of  the  ship  and  the  length  of  cable  out,  and  lasts  as  long  as  the  ship's 
turning  time.  It  varies  in  complexity  from  a  simple  shift  from  the  old  po¬ 
tential  to  the  new  one,  to  an  exaggerated  sine  wave.  The  phase  of  the  wave 
is  opposite  for  right  and  left  hand  turns.  The  signal  is  caused  by  the  drogue 
which  produces  side-slip  of  the  interelectrode  portion  of  the  cable  cutting 
the  comer  of  the  turn  just  made  by  the  ship.  If  the  sea  is  fat  and  the 
ship  has  turned  in  such  a  way  that  the  side  slip  produces  a  vi  rtage  In  ths 
same  direction  but  smaller  magnitude  than  the  change  of  course  produces,  a 
simple  line  results;  if  opposite,  the  turn  voltage  will  register  and  then 
be  gradually  overpowered  by  the  steady'  voltage  on  the  new  course.  In  smooth 
and  rough  weather  helmsmen  often  overshoot  their  turns  and  have  to  come  back 
to  the  new  heading.  This  produces  a  double  curve  in  the  cable  and  conse¬ 
quently  a  right  and  left  hand  signal  successively.  When  the  ship  has  been 
running  with  the  wind  and  turns  to  take  it  on  her  beam  the  signal  usually  is 
simple.  When  she  has  been  running  against  the  wind  arid  turns  to  take  it  on 
her  beam  a  double  curve  results  In  the  cable  as  her  leeway  picks  up  and  a 
sinusoidal  signal  is  generated.  This  effect  is  often  augmented  by  overshoot¬ 
ing  the  turn. 

The  S-T  SIGNAL  is  a  sudden  change  in  the  trend  of  the  average  potential'  picked 
up  on  a  straight  course  vrtiich  correlates  with  a  coincidental  shift  of  salinity 
and  temperature  in  the  STD^  trace 5  These  signals  are  encountered  along  the 
northwest  margin  of  the  Gulf  Stream  and  along  the  margins  of  Gulf  Stream  eddies. 

(*-)  "''STD"  refers  to  the  Salinity- Temperature-Depth  Rscorder  developed  at 

(under  Contr.  NObe-20 8?)  for  obtaining  continuous  vertical  sections 
of  salinity  and  temperature  against  depth  at  a  given  station,  or,  when  the 
detecting  element  is  secured  to  the  ship's  side,  a  trace  of  the  horizontal 
distribution  of  temperature  and  salinity  at  constant  depth  recorded  with  the 
ship  under  way. 


ff,:' 
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They  are  listed  among  the  artifacts  because  they  have  a  compound  origin } 

(a)  a  natural  origin  in  the  chants  of  water  velocity  and  (b)  an  artificial 
origin  in  the  change  of  lnterclactrode  potential  resulting  from  the  change  of 
chemical  environment  around  the  electrodes.  The  artificial  effects  have 
been  studied  in  the  laboratory  in  an  attempt  to  disentangle  the  two  and 
discover  how  much  of  the  total  signal  is  due  to  water  motion  by  evaluating 
and  subtracting  the  chemical  and  thermal  effects. 

These  studies  have  shown  that  the  effect  of  changing  environment  is 
very  large  if  the  changes  are  not  encountered  simultaneously  at  both  elec¬ 
trodes,  but  quite  email  if  the  changes  are  precisely  simultaneous.  The 
magnitude  and  sign  of  the  effects  also  varies  with  different  e  fact  rode 
pairs.  The  temperature  ef foots  are  smaller  than  the  salinity  effects, 

THE  TEMPERATURE  EFFECTS.  When  a  change  of  temperature  ocaurs  at  both 
electrodes  simultaneously  or  very  nearly  simultaneously  a  voltnga  signal  is 
produced  which  depends  on  the  rate  of  temperature  change 


(4) 


where  a  and  b  are  constants  peauliar  to  the  selected  electrode  pair  which 
have  values  near  0.C60  and  0.130  respectively.  The  effect  is  of  the  order 
of  10  microvolts/min.  for  a  temperature  change  of  0.5°C/min.,  the  order  of 
rate  of  change  of  surface  temperature  found  in  crossing  the  edge  of  the  Gulf 
Stream  at  6  knots. 

The  signal  resulting  from  the  difference  in  instantaneous  temperature 
of  the  two  electro is  much  larger.  This  effect  has  the  fora; 


V  »  c(T  -  T  ) 
2  y 


+  d 


(5) 


where  T  and  T  are  the  respective  instantaneous  electrode  temperatures  and. 
c  and  d^are  constants  peculiar  to  the  pair.  The  value  of  d  is  zero  if  the 
origin  is  chosen  properly  and  the  value,  of  c  is  near  0.5  if  V  is  expressed 
in,  millivolts  and  (T2  -  T,)  is  Centigrade  degrees.  The  horizontal  surface 
temperature  gradient  at  the  edge  of  the  Gulf  Stream  is  shown  by  the  STD  to 
be  near  0.3°C/100  meters.  For  a  ship  sailing  parallel  to  this  gradient  with 
an  interelectrode  spacing  of  roughly  40  meters  the  instantaneous  temperature 
difference  between  the  electrodes  is  approximately  0.1°C  yielding  a  voltage 
of  the  order  of  50  microvolts. 

Thus  the  total  artificial  signal  from  the  two  effects  discussed  so  far 
is  60  microvolts  (0.060  millivolts)  which  correspond  to  an  orro"  in  deduced 
current  of  by?  or  about  0.06  knot. 

THE  SALINITY  EFFECT  has  been  similarly  treated  in  the  laboratory.  For 
a  simultaneous  change  of  salinity  at  both  electrodes  the  ultimate  voltage 
change  follows  the  linear  relationship 


S  0  T  ^ 


(6) 
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where  e  and  f  are  constants  peculiar  to  the  electrode  pair.  The  constant 
f  represents- the  voltage  of  the  initial  "zero  poW  and  a  had  a  value  near 
0.010  whan  £  is  expressed  in  part;:  par  thouoond  and  V  Ie. expressed  in  milli¬ 
volts.  The-shape  of  the  tine  vs.  voltage  trace  Ie  CKut  of  an  over  damped 
oscillation.  The  time  required  to  complete  a  shift  of  zero  pcint  due  to 
simultaneous  change  of  salinity  at  both  electrodes  depends  upon  the  elec¬ 
trode  pair  to  a  large  degree,  as  well  as  the  magnitude  of  the  salinity 
change.  For  an  instantaneous  change  of  salinity  of  2  °/ oo  tho  new  squill- 
brium  voltage  is  ro&chod  in  5  nlxiutrOd*  Such  a  change  will  sh>.xt  ho  gqu  - 
librium  or  zero  point  voltage  1.C0  mv.  which  leads  to  an  errox1  of^l  knot 
in  the  current  readings  if  the  shift  is  not  apprehended.  In  practice  the^ 
salinity  gradients  in  the  sea  do  not  change  more  rapidly  than  1  °/oo  P«f  6 
or  7  miles  which  from  a  ship  moving  parallel  to  the  gradient  at  6  or  7  knots 
means  a  change  of  salinity  of  1  %o  per  hour.  A  pair  of  electrodes  about 
40  meters  apart  moving  down  this  gradient  experience  a  small  difference  of 
salinity  in  their  respective  environments  amounting  to  about  0.003  °/ 00 • 

The  effect  of  this  is  to  produce  a  slow  but  determined  shift  of  zero  point 
the  rate  of  which  depends  as  much  on  the  matching  of  the  electrodes  as  any¬ 
thing  else,  liven  for  an  unmatchei  pair  the  rate  is  slow  enough  for  equili¬ 
brium  to  be  maintained  and  the  shift  is  quantitatively  logged  by  the  routine 
hourly  or  half-hourly  zero  point  check.  If  equilibrium  is  only  imperfectly 
maintained  there  is  some  tendency  for  voltage  hysteresis  on  the  "Jogs"  hence 
it  is  Important  to  have  electrodes  matched  to  give  zero  potential  in  a  static 
salinity  and  temperature  environment  and  in  a  changing  one  as  well.  Tills 
selection  can  be  made  by  appropriate  tests  in  the  labc, art ory. 


The  problem  of  salinity  and  temperature  sensitivity  of  Silver-Silver 
Chloride  electrodes  is  a  difficult  one  to  solve.  It  is  so  difficult  indeed 
that  there  is  little  hope  at  present  of  solving  it  at  all.  No  known  elec¬ 
trode  is  completely  inert  and  free  of  contact  potential  or  3 us sept ability 
to  polarization.  Until  such  time  as  theoretical  electrochemistry  brightens 
the  outlook  in  this  direction  the  problem  of  existing  electrodo  surface  be¬ 
havior  must  be  studied. 

Laboratory  studies  of  salinity  effects  show  that  for  the  care  in  which 
the  salinity  at  one  electrode  remains  the  same  while  the  other  chtnges,  enormous 
signals  are  generated.  If  one  electrode  ie  in  a  bath  at  constant  temperature 
which  has  a  salinity  of  32  °/oo  au^  the  other  is  suddenly  transferred  to  a 
bath  at  the  same  temperature  having  zero  salinity  the  voltage  shift  ie  greater 
than  500  millivolts.  Recovery  from  this  disturbance  takes  2  or  3  days,  but 
the  electrodes  will  adjust  to  “there  new  conditions.  At  the  equilibrium  point 
the  Chlorinlty  of  the  original  salt  solution  and  the  fresh  water  become  more 
nearly  the  same.  Evidently  the  produots  of  the  concentration  osll  thus 
produced  aro 

AgCl  f  Agj(Cl"')1  (C;'")2,  AgCl  -  Ag  (7) 

(Disturbed  electrode)  (Undisturbed  electrode) 

in  which  the  disturbed  electrode  produced  Cl*  ion  to  replenish  th-i  concen¬ 
tration  about  it  by  the  reaction 

(8) 


AfiCl  +  e 


-$>  Ag  f  Cl* 


-  1?  - 


CONFIDENTIAL 


and  the  undieturbed  electrode  provides  the  necessary  electron  as 

Cl~  +  A&. - 7'*"  AgCl  +  e.  (9) 


In  so  doing  the  contact  potentials  of  the  two  electrodes  are  changed  so 
that  through  the  combination  of  electrode  eurfaco  potential  (.Polarization) 
and  the  reactions  given  above, electrical  equilibrium  io  reached  before 
(Cl~)i  s  (Cl")2«  The  curve  of  vcltage  against  time  for  this  reaction  has 
the  form  of  an  overdamped  oscillation  for  which  the  ultimate  rest  point 
lies  on  the  opposite-  aid©  of  the  time  aids  from  the  initial  d< Election. 
This  curve  is  a  member  of  a  family  of  the  mathematical  fora 


(-i/2n)t 


(A  t  Bt)  -  (V  +  at) 
o 


(io) 


where  i  is  the  coefficient  of  ionic  diffusion,  n  the  quantity  in  mole  of 
Cl“  ion  transferred  in  the  equilibrium  shift,  A  and  B  are  conntants  depend¬ 
ing  upon  the  change  of  concentration  of  01"  ion  at  the  disturbed  electrode 
and  the  magnitude  of  the  concentration  at  the  undisturbed  electrode,  and  a 
is  the  coefficient  governing  the  rate  of  change  of  polarization  of  the  elec¬ 
trodes.  The  constants  of  this  equation  have  not  been  evaluated. 

The  more  practical  case  of  the  parallel  lag  of  salinity  change  at  each 
of  two  electrodes  has  been  studied.  It  amounts  to  a  continuous  solution  of 
the  above  equation  in  terras  of  Vo  and  as  t  approaches  infinity.  This 
value  is  called  Vft,  tha  voltage  to  which  V+  ia  asymptotic  with  time.  It 
lias  been  found  experimentally  that  the  initial  deflection  of  r.ero  point 
decreases  in  magnitude  as  the  rate  of  salinity  change  is  decreased.  For 
slow  changes  of  the  order  of  1  °/00  per  minute  the  initial  dai  lection  prac¬ 
tically  vanishes  and  the  instantaneous  equilibrium  voltage  moves  directly 
toward  Va.  This  effect  should  be  completely  evaluated  for  ore  inary  oceano¬ 
graphic  conditions  since  it  is  responsible  for  voltage  hysteresis  during 
sudden  changes  in  the  rate  of  charge  of  the  salinity  gradient  which  occur 
during  the  execution  of  calibration  squares,  and  jogged  courses.  It  may 
also  contribute  to  the  shape  of  TURN  SIGNALS  discussed  In  the  previous  sec¬ 
tion. 


It  may  be  concluded  about  S-T  SIGNALS  that  they  are  of  small  magnitude 
(perhaps  3  to  at  most  5  cm/sec)  f^r  uhe  cases  discussed  but  may  on  occasion 
become  very  significant  wherever  .ibrupt  irregularities  of  salinity  and  tem¬ 
perature  exist,  To  svalu&te  the  records  of  the  Electrokinetograph  one  must 
take  into  account:  the  STD  trace  a.  id,  for  the  present,  disregard  violent 
fluctuations  of  indicated  current  whenever  there  are  rapid  changes  in  salinity 
ijQd  temperature.  Mean  values  through  such  water  can  almost  certainly  be 
relied  upon  however  as  they  have  checked  out  very  well  against  currents 
computed  from  loran  and  windage  measurements. 


DLHO  DRIFT  ia  a  alow  but  determined  trend  of  the  aero  point  voltage 
toward  one  side  of  the  scale.  It  Is  caused  by  unequal  electrode  reaction 
to  persistent  unidirectional  gradients  of  salinity  and  temperature  for  the 
most  part-,  but  may  also  occur  when  one  electrode  is  flushed  more  vigorously 
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than  the  other.  It  can  be  cured  by  packing  both  electrodes  very  tightly 
in  glass  wool  and  selecting  electrodes  to  be  used  as  a  pair  for  their 
identity  of  response  to  changos  of  salinity  and  temperature.  Out  of  a 
dozen  new  electrodes  perhaps  two  or  three  pair's  will  be  found  which  have 
suitable  gradient  response.  The  remaining  electrodes  can  be  saved  for 
possible  pairing  with  members  of  a  new  lot  of  electrodes. 

BACKGROUND  GIGMAL  is  a  periodic  or  semi-periodic  oscillation  of 
voltage  arising  from  the  geophysical  background  against  which  water  motion 
signals  are  measured.  The  nature  and  magnitude  of  the  background  clue  to 
earth-currents  has  been  discussed  in  detail.  There. is  thus  far  no  techni¬ 
cal  means  of  eliminating  these  signals;  instead,  they  must  be  allowed  for 
by  comparison  of  control  observations  made  ashore  with  the  traces  recorded 
at  sea.  Other  sources  of  background  are  presumably  to  be  found  in  sub¬ 
marine  ore-bodies,  UEP  signals,  propeller  "noise"  from  the  observing  ship, 
and  variations  of  H2  during  magnetic  storms.  Thus  far  none  of  these  have 
been  found  to  be  troublesome.  The  electrodes  are  towed  2  to  3  ship-lengths 
astern  so  that  the  UliP  and  magnetic  effects  of  the  ship  are  of  negligible 
magnitude . 

THUNDERS  TORI!  SIGNALS  occur  only  when  there  are  cloud  to  earth  dis¬ 
charges.  They  produce  very  brief  pulses  of  potential  in  the  sea  which 
vary  in  intensity  inversely  as  some  function  of  the  distance  of  the  flash 
and  seem  to  change  sign  as  the  discharge  point  moves  frem  one  side  to  the 
other  of  the  perpendicular  bisector  of  the  interelectrode  line.  No  serious 
interference  has  occurred  furing  any  of  a  number  of  thunderstorms  experienced 
at  sea.  Observations  made  throughout  thunderstorms  show  no  evidence  of  un¬ 
reliability. 

Signals  from  SEA  WATER  MOTIONS 

The  total  signal  from  the  sea  is  composed  of  three  major  components 
each  present  in  varying  degrees.  These  are  the  WAVE  SIGNAL,  the  TURBULENCE 
SIGNAL,  and  the  CURRENT  SIGNAL  respectively. 

The  WAVE  SIGNAL  is  an  oscillatory  voltage  fluctuation  having  a  complex 
period  which  is  the  harmonic  sum  of  all  the  wave  periods  present,  and  a 
complex  amplitude  which  is  the  algebraic  sum  of  all  the  horizontal  wave 
particle  velocities  normal  to  the  interelectrode  lin«.  The  principal  period 
Is  that  of  the  wave  having  the  greatest  amplitude  Snn  the  principal  amplitude 
is  that  of  the  wave  group  having  the  highest  particle  velocity.  Ine  same 
wave  group  is  usually  responsible  for  the  principal  period  and  amplitude 
unless  two  or  more  wave  groups > interact  to  produce  interference  effects  in 
which  case  the  voltage  signal  is  most  simply  described  in  terms  of  the  "beats" 
they  produce , 

The  wave  signal  is  highly  directional.  When  running  in  the  troughs 
the  maximum  signal  is  received  since  the  motional  electromotive  force  is  at 
right  angles  to  the  direction  of  particle  motion.  When  bucking  or  running 
with  the  sea  much  smaller  signals  are  received,  but  they  are  not  zero.  The 
signal  amplitude  also  decreases  as  the  electrodes  are  made  to  run  deeper  in 
the  sea,  and  there  is  also  a  reduction  in  the  complexity  of  the  trace  as  the 
shorter  period  waves  exert  less  and  leas  influence  on  the  particle  motions. 
Quantitative  studies  of  these  effects  are  being  planned. 
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During  current  studies  it  1:  convenient  to  cupprooe  tho  v/avo  clonal  by 
moans  of  large  capacitors  shunted  acrors  the  input  terminals  to  the  volt¬ 
age  recorder.  This  technique  is  capable  of  removing  the  wave  signal  en¬ 
tirely  but  restricts  measurements  of  periodic  motions  in  the  oea  to 
periods  of  greater  length  than  the  longest  wave  period,  It  is  also 
possible  to  damp  out  chop  and  repeal  the  ground  swell  by  this  method,  but 
since  pure  capacitance  doss  not  possess  Iqy/  pass  filter  characteristics 
with  sharp  cut-off,  the  amplitudes  of  longer  period  wave  signals  are  dimin¬ 
ished  somewhat.  The  design  of  variable  low  pans  filters  with  sharp  cut 
off  frequencies  for  wave  studios  in  under  consideration. 

The  .TURBULENCE  BIGNAL  is  a  slow  oscillation  of  voltage  resulting  from 
coarse  turbulence  in  the  ooa  composed  of  eddy-t.ype  motions  each  call  of 
which  to  be  measured,  must  be  of  the  order  of  or  larger  than  the  interelec¬ 
trode  distance.  This  kind  of  signal  is  non- directional  in  the  eenae  that 
it  appears  much  the  same  regardless  of  the  course  of  the  ship  or  course 
changes.  It  is  not  derived  from  background  because  earth- current  background 
has  directional  characteristics  wliioh  are  rather  marked  when  the  intensity 
ie  this  high.  Turbulence  signals  of  the  kind  described  have  been  found  to 
occur  along  the  northwest  margin  of  tho  Gulf  Stream  and  to  a  lesser  extent 
in  the  slope  water  adjacent  to  it.  They  have  also  been  recorded  In  channels 
such  as  Vineyard  Sound,  Wentuoket  Sound  (Western  end),  off  Race  Point  and 
in  the  Cape  Cod  Canal.  In  these  shoal  water  areas  the  k  factor  is  rather 
large  for  currents  but  since  no  independent  measurements  have  been  made  of 
turbulent  structures  their  &  factor  is  unknown.  If  the  structures  are  email 
it  is  possible  that  k  is  also  small  since  there  is  a  relatively  large  volume 
of  water  surrounding  each  turbulent  mass  with  the  independent  motions  which 
when  integrated  over  the  width  and  depth  of  the  channel  has  little  charac¬ 
teristic  motion  other  than  the  tidal  transport.  Such  a  mass  Is  capable  of 
providing  the  low  resistance  return  circuit  needed  to  keep  k  at  a  low  value. 
Even  though  the  velocity  structure  of  turbulent  masses  is  uncertain  in  shoal 
water  for  want  of  a  k  factor,  tho  horizontal  dimensions  can  be  measured  and 
have  been  found  to  vary  from  aboud  100  to  500  motors  in  the  waters  around 
Woods  Hole  and  from  300  to  1500  metos.i  and  more  across  in  the  deep  waters 
in  and  near  the  Gulf  Stream. 

These  figures  are  subject  to  criticism  since  the  sections  taken 
through  these  presumably  circular  structures  are  not  necessarily  central. 

By  selecting  for  measurement  the  signals  which  show  the  greatest  amplitude 
for  a  given  period  it  is  thought  that  diametrical  sections  are  more  prob¬ 
ably  represented.  It  is  also  pose. ibis  that  the  signatures  which  have  the 
longest  period  for  a  given  amplitude  may  represent  dl metrical  sections - 
but  this  too  is  uncertain  for  the  lack  of  information  concerning  tho  size 
distribution  of  the  turbulent  structures.  Vi'hile  the  data  accumulated  are 
uncertain  for  the  above  reasons  at  least,  it  appears  that  the  turbulent 
structures  have  a  different  maximum  tangential  velocity /radius  ratio  as 
the  radius  increases.  The  maximum  tangential  velocity  rises  as  the  radius 
increases  in  all  oases,  but  tho  peripheral  velocity  may  be  asymptotically 
limited  at  some  value  of  the  order  of  300  or  400  cay's  ec.  It  is  also 
recognized  that  the  turbulence  structures  do  not  possess  the  rotational 
character  of  solid  bodies  or  centrally  energized  vortices.  The  tangential 


velocity  at  any  point  on  a  giver,  radius  Inc  reuses  us  the  ractiua  to  a  point 
something  like  0,707  times  the  greatest  length  «f  that  radius  and  then 
decreases  again  to  aero.  The  valuu  0-70?  ft  ^  considered  to  bo  the 
effective  radius  of  such  features  fines  it  deocrlbos  tho  circlo  of 
greatest  angular  momentum,  The  volumes  inside  this  circle  and  between 
this  circle  and  the  outermost,  circlo  may  contain  nearly  equal  quantities 
of  angular  momentum. 

KDDI  SIGNALS  are  sinusoidal  or  longitudinal  mirror  image  fluctuations 
of  voltage  on  a  given  course  on  which  turbulence  signals  may  be  superimposed. 
Eddy  signals  are  "directional"  in  character  because  the  radius  of  motion 
is  large  enough  to  permit  considerable  maneuvering  of  tho  ship  within  the 
area  of  the  feature.  Tho  turbulence  signal,  accompanying  eddy  motion  ie 
increased  near  the  boundaries  of  the  eddy.  £~T  signals  may  also  occur  at 
the  edges  of  an  eddy.  Data  on  these  features  have  been  accumul  ited  more  or 
leas  accidentally  to  data.  It  is  hard  to  recognize  an  eddy  until  it  has 
been  crossed  and  e/on  then  its  definition,  is  not  clear  until  th*  STD  trace 
has  boon  examined  as  wall.  Cruise  149  of  the  Atlantia  was  largely  dovoted 
to  tho  survey  of  a  very  large  sausaga-shaped  eddy  on  tho  southeast  aide  (?) 
of  tho  Gulf  Stream.  While  this  structure  essentially  satisfies  tho  defini¬ 
tion  of  an  eddy  it  was  apparently  c  imposed  of  a  race  of  current  moving 
around  a  core  which  had  no  marked  c^u-rent  structure.  The  current  in  the 
race  reached  6.0  knots  at  one  point  and  ranged  between  1.0  and  .0  knots 
along  a  large  part  of  its  length.  It  would  bo  hard  to  opeoify  the  "radius " 
of  any  part  of  this  structure  or  th?  location  0.70?  ft  because*  there  is 
no  center  common  to  all  parts  of  its  boundary.  Thus  itls  clear  that  as 
the  dimensions  of  eddies  increase  so  does  the  complexity  of  definition  and 
a3  greater  understanding  of  their  properties  is  achieved  further  subdivision 
will  be  possible  and  indeed  necessary. 

The  CURRENT  SIGNAL  is  a  steady  deflection  of  recorded  voltage  from 
the  zero  point  on  which  are  superimposed  all  the  foregoing  kinds  of  signal. 
The  current  signal  is  highly  directional  and  quite  constant  over  spaces  of 
an  hour's  run  except  at  the  boundaries  of  tho  prlncipuft, currents  of  the 
ocean  where  sharp  discontinuities  appear ,  Tidal  currents  on  the  continen¬ 
tal  shelf  are  particularly  steady  and  their  rotary  behavior  can  be  followed 
as  was  shown  in  the  first  Elect  r  ok  ii\stograph  report  (von  Arx,  1946).  Near 
the  Gulf  Stream  there  is  an  entrapment  current  which  increases  in  strength 
as  tho  ship  approaches  the  Stream  ar.d  suddenly  changes  its  velocity  (in  tho 
space  of  a  mile)  to  the  ful 1  strongt  h  of  the  Gulf  Stream  current .  The 
turbulence  signal  increases  in  amplitude  in  the  same  way  but  the  size/  of 
the  turbulent  cells  also  increases  so  that  the  period  of  the  turbulence 
signal  is  lengthened.  The  turbulence  signal  can  become  so  large  that  in  a 
jogged  sailing  plan  it  is  necessary  to  run  much  more  than  the  cuntcmary  4 
minutes  on  the  jog  to  obtain  a  reliable  average  signal  for  the  steady 
motion  of  the  current.  This  can  bs  predicted  in  advance  from  the  period 
of  the  turbulence  signal  recorded  on  course.  If  the  period  is  of  the  order 
of  6  minutes  as  it  often  is  in  the  Gulf  Stream  it  is  necessary  to  jog  for 
12  or  15  minutes  to  be  certain  of  the  position  of  the  mean  voltaro  through 
the  better  part  of  at  least  two  turbulence  cells.  The  on  course  signal 
is  taken  as  the  average  voltage  throng  perhaps  4  or  5  colls.  The  extraction 
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of  a  current  signal  In  turbu  .art  water  from  the  mzo  of  superimposed  motional 
voltages  requires  come  practice  and  caro.  In  quiet  water  the  procoss  is 
greatly  simplified. 


The  CURRINT  BOUNDARY  si  ,ns  1  is  a  sudden  change  in  the  trend  of  the 
average  voltage  on  a  given  c  >ur"3s.  On  approaching  the  edge  of  the  Gulf 
Stream  the  turbulence  signal  increases  and  tho-  signal  from  the  entraia- 
ment  rrent  increaeos  to  the  point  where  the  actual  edge  (seen  in  the 
watex;  is  reached.  At  this  point  the  voltage  trace  bends  so  sharply  Uee 
first  Elactrokinetograph  Report  \von  Arx  1947  >)  that  a  pencil  point, 
be  placed  on  tho  spot,  and  a  new  regime  of  current  and  turbulence  signals 
begins.  It  was  once  a  matter  of  concern  to  estimate  how  much  of  this 
Current  Boundary  signal  was  earned  by  the  b-T  signal  and  how  much  was  a 
real  current  change.  The  steepest  temperature  and  salinity  gradients 
recorded  bv  the  STD  at  the  Gulf  Stream  boundary  were  reproduced  in  oho 
laboratory  and  it  was  found  that  the  S-T  signal  could  produce  no  more  than 
0.1  knot  error  in  tho  total  Currant  Boundary  signal.  Thus  it  is  concluded 
that  the  very  marked  changes  of'  from  1.0  to  as  much  as  3*5  knots  change 
in  current  speed  are  real  at  the  northwestern  edge  of  the  Gulf  Stream. 

The  entrainment  current  may  reach  a  speed  of  from  1.2  to  3»0  knota  before 
it  gives  way  to  the  higher  speeds  in  the  Stream  itself.  The  edge  of  the 
stream  is  defined  as  tliat  point  at  whioh  this  marked  velocity  discontinuity 
occurs  together  with  an  equally  marked  change  in  temperature  and  salinity. 
Otner  smaller  velocity  disooutinuitiee  are  found  in  "bubbles"  and  detached 
addles  near  th*  edges  of  the  Gulf  Stream.  The  criteria  of  this  definition 
must  be  applied  with  caution  as  the  "edge  of  the  Stream”  is  an  elusive 
boundary  having  a  rather  complicated  shape  familiarly  baffling  to  those 
who  have  wo/ked  in  and  around  it  (Fuglieter  1947) « 


An  additional  sig.inl  of  despicable  origin  is  the  BT  signal.  This 
signal  is  generated  when  the  bathythermograph  fouls  the  electrodes  and 
hauls  them  in.  A  loop  of  wire,  visually  caught  up  somewhere  between  the 
electrodes,  is  towed  in  at  the  speed  of  the  ship  plus  the  rate  of  the 
winch.  The  voltage  signal  goes  off  scale  almost  immediately  as  the  rate 
of  flux  cutting  is  very  great.  The  signal  can  be  restored  to  normal  by 
notifying  the  BT  observer  who  will  stop  hia  winen  and  coopei’ate  in  your 
efforts  with  a  boat  hock.  Tho  problem  can  be  avoided  entirely  by  stream¬ 
ing  the  electrodes  from  the  end  of  a  long  Doom  on  the  opposite  aide  of  the 
ship.  To  avoid  fouling  an  electrode  line  350  feet  long,  a  distance  of  40 
or  50  feet  should  be  maintained  between  the  outboard  end  of  the  BT  boom  and 
tho  outboard  end  of  the  electrode  boom. 
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V  Theory  and  Practice  of  the  Sellings 

The  sailings  employed  in  oceanographic  reconnaissance  with  the  Elec- 
trokinetograph  are  governed  by  two  principle  considerations.  The  courses 
must  run  in  such  a  way  that  useful  information  is  derived  from  them,  and 
the  electrodes  must  be  made  to  double  back  on  themselves  every  so  often 
so  that  accurate  knowledge  of  the  zero  point  of  the  electrodes  is  had  at 
all  times.  It  is  also  necessary  to  keep  the  ship  under  way  to  hold  the 
electrodes  in  a  horizontal  lino. 

The  Electrokinet ograph  in  its  present  fora  is  capable  of  measuring 
water  motions  In  the  horizontal  plane  which  are  at  right  angles  to  "the 
line  connecting  the  two  electrodes .  Thus  it  is  necessary  to  alter  the 
azimuth  of  the  inter elect rode  line  by  an  appreciable  angle  to  secure  the 
data  neceosary  for  a  current  fix  which  is  derived  from  the  composition 
of  the  vectors  representing  the  thwart ships  currents  on  each  of  two  courses. 
Since  the  magnitudes  of  these  vectors  are  measured  from  an  origin  on  the 
potentiometer  scale  which  does  not  necessarily  coincide  with  tho  mechanical 
zero  of  the  instrument,  it  is  necessary  to  reverse  the  electrodes  in  the 
sea  and^ determine  the  value  of  the  line  on  either  aide  of  which  the  direct 
and  reflected  signals  from  the  same  current  are  oqually  and  oppositely 
recorded.  This  line  is  tho  locus  of  the  zero-point  on  the  strip  chart  as 
time  progresses.  The  reversal  can  be  accomplished  slowly,  by  turning  the 
ship  160°,  or  quickly,  by  reversing  the  order  of  the  electrodes  in  their 
distance  astern  of  the  ship.  To  accomplish  the  latter  a  line  is  run  from 
the  deck  to  the  stem  of  the  more  distant  electrode.  On  hauling  in  this  ■ 
line  a  length  equal  to  or  slightly  greater  than  the  intarelectrode  dis¬ 
tance  the  reversal  is  accomplished.  Unfortunately  this  simple  solution 
leads  to  difficulties  in  fouling  the  line  around  the  electrode  cable  and 
it  also  presents  a  larger  target  for  the  BT.  If  arrangements  can  be  made 
to  stream  tho  electrode  cable  well  outboard  and  to  secure  the  reversing 
line  inboard  or  even-  on  the  opposite  side  of  the  ship,  if  a  BT  is  not  being 

10kS  troL*ble  should  arise  c  It  is  also  recommended  that  braided 
white  line  be  used,  as  a  Manilla  line  unlays  when  wet  and  under  tension  and 

xxkf^y  foul  by  twisting  around  the  electrode  cable.  The  diffi¬ 
culties  mentioned  have  been  so  serious  that  for  most  work  tho  slower  and 

r*r?SrrrSth0d  °f  r&vorEing  thQ  bhiP  h«  been  used  almost  exclusively 
i°  burdons  °n  th-'  helmsmen  other  than  the  unpopular  but  necessary 
jogs  and  squares,  and  reduces  the  labor  of  the  Elect rokinet ogre nh  observer 

gT®atly*  Jias  beon  found  that  with  due  allowance  of  time  for  aver- 

mf^  LelSiSl!  ^  Wat°r-’  UiC  ZOr°  by  the  two 

tion  bJeorbtically  the  best  .sailing  plan  for  direct  observe- 

i* Sd  astern  * 
cut  inside  the  tS^circle  Seater^J^0 

the  connecting  cable.  This  produces  a  turn  signal  whicfvSies^lth  S 

u^d:1iS.it1^ekrMorsitSih^  thjib?r 

of  measurement  are  therefore  unreliable.  ^  derived  from  this  technique 
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SQUARES  avoid  these  difficultiao  by  allovdng  the  electrodes  to  cocao  to 
mechanical  equilibrium  with  the  conditions  affecting  the  course  of  the  ship. 
Except  for  the  effects  of  windage  on  the  cliip  the  electrodes  trail  dead 
aatem  and  the  azimuth  of  the  interelectrcdo  lino  is  the  same  as  that  of  the 
keel.  In  a  square  the  intereloctrode  line  io  presented  to  the  motional 
electromotive  force  in  the  sea  in  a  successively  direct  and  a  reserve  sense 
along  each  of  two  perpendicular  linos.  Thus  it  is  possible  to  get  two  meas¬ 
urements  of  the  zero  point  and  five  measurements  of  the  local  current  from 
each  square.  The  two  measurements  of  zero  point  are  derived  from  the  direct 
and  reverse  presentation  of  the  electrodes  to  the  prevailing  motional  EMF 
on  the  two  pairs  of  opposite  sides  in  the  square.  The  five  current  fixer 
are  derived  from  the  component  voltages  recorded  at  each  corner  of  the  square 
and  from  the  averages  of  voltages  on  opposite  aides  (signs  taken  into  ac¬ 
count)  provit'mig  an  average  current  over  the  whole  area  of  the  square  and 
over  the  time  required  to  execute  it. 


For  convenience  the  sailings  on  a  square  are  directed  toward  the  cardi¬ 
nal-points,  either  on  true  or  magnetic  bearings  depending  on  the  kind  of 
compass  .aboard  ship,  and  are  executed  clockwise  (N-E-S-Q/)  or  counter-clockwise 
(N-W-S-E) .  Such  squares  are  called  RIGHT  CARDINAL  SQUARE  and  LEFT  CARDINAL 
SQUARE  respectively.  An  order  to  the  helmsman  is  thus  quickly  and  clearly 
understood.  The  remaining  directive  is  the  length  of  the  legs  of  the  square. 
This  Is  determined  from  the  ship's  turning  time  and  the  character  of  the 
turbulence  signal.  In  general  the  average  period  of  the  turbule;jce  signal 
times  the  factor  2.5  is  used  as  the  sailing  time  for  each  leg.  These  times 
range  'from  4  to  15  minutes  and  the  order  is  given  "5  MINUTE  RIGHT  CARDINAL 
SQUARE"  for  a  turbulence  signal  period  of  2  minutes  on  course.  This  may  be 
further  qualified  as  "5  MINUTE  RIGHT  CARDINAL  SQUARE  BEGINNING  2000"  if  the 
maneuver  is  to  be  executed  later  on.  No  change  of  speed  is  required.  As 
the  maneuver  is  executed  the  observer  should  record  tha  average  of  the  volt¬ 
ages  on  each  leg  excluding  the  turn  signals  and  within  10  minutes  after  com¬ 
pletion  of  the  square  he  can  also  have  computed  the  two  zero  points  and  the 
five  possible  current  fixes  with  the  aid  of  an  Aircraft  Navigational  Plot¬ 
ting  Board  BuAir  Mk  3A.  These  data  are  kept  in  a  running  log  in  which  the 
times  and  changes  of  course  and  speed,  as  well  as  data  on  wind  force  and 
direction,  wave  force  and  direction,  STD  changes  and  technical  behavior  of 
the  Elevtrokinetograph  ere  noted  in  order  of  time.  Such  log  keeping  is 
essential  if  the  greatest  possible  amount  of  information  is  to  be  realized 
from  the  voltage  traces.  It  is  also  necessary  to  log  the  times  and  oourse 
changes  on  the  Eloctrokinetograph  strip  chart  for  purposes  of  exact  cross- 
reference  between  the  log,  navigating  chart,  the  strip  chart,  and  the  STD 
tape.  All  of  these  notes  will  eventually  be  referred  to  the  shore  based 
earth-current  background  recorder  tape  for  evaluation.  Time  is  the  only 
common  denominator  among  all  these  elements  free  of  the  influence  of  other 
factors  and  must  be  kept  very  strictly.  But  to  resume  the  discussion  of 
sailings,  squares  are  used  at  intervals  of  a  watch  for  accurate  calibration 
oi  zero  point.  Although  squares  yield  a  large  amount  of  information  they 
cost  a  good  deal  of  time.  Instead  of  squares  at  each  current  fix  there  are 

a  number  of  alternative  sailing  plans  which  yield  running  fixes  that  delay 
the  8 nip  much  leee ,  ^ 
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JOG  and  SQUARE-JOG  or  ZIG-ZAG  courses  ore  used  in  smooth  and  turbulent 
water  respectively,  A  Jogged  course  conoiste  of  a  faw  minute's  run  every 
half  hour  at  right  angles  to  the  principal  course  of  the  ship.  The  Jogs 
are  made  alternately  to  the  right  and  to  the  left  of  the  principal  course 
so  that  for  each  hour's  running  a  pair  of  jogs  will  yield  a  reversal  of  the 
electrodes  from  which  a  zero  point,  check  can  ba  made.  Each  jog  also  ylaldo 
two  current  fixes,  ono  between  the  earliar  on-ccuroe  signal  and  the  Jog 
signal  and  the  other  between  tho  later  on-course  signal  and  the  jog  signal. 

In  steady  water  the  Jog  may  be  4  minutes  running  time  long  which  means  that 
2 6  minutes  running  are  made  good  on  the  course  to  the  destination.  This 
amounts  to  1355  loss  of  efficiency  in  progress  toward  the  destination  not 
counting  the  loss  at  each  square.  In  turbulent  water  it  is  necessary  to 

increase  the  time  on  each  jog  to  from  12  to  15  minutes  to  obtain  an  average 

signal  for  a  current  fix.  This  produces  a  SQUARE-JOG,  for  the  ship  is  on 

a  jog  nearly  as  long  as  it  is  on  course.  At  this  rate  tho  efficiency  drops 

to  60 #  and  50#  respectively,  again  not  counting  square  losses. 

In  turbulent  water  therefore  it  is  seemingly  more  efficient  to  sail 
a  ZIG-ZAG  course  alternately  45°  bo  tho  right  and  left  of  the  course  to  be 
made  good.  The  efficiency  of  such  a  course  plan  is  71#  and  right  angle 
course  changes  are  maintained.  But  ZIG-ZAG  sailing  does  not  produce  reversal 
of  electrodes  for  zero  point  checks  hence  squares  must  bo  sailed  rather 
frequently.  This  reduces  the  efficiency  of  ZIG-ZAG  sailing  very  severely. 

If  a  square  is  sailed  every  two  hours  in  "15  minute  water"  not  only  is  there 
a  great  loss  of  zero  point  information  but  the  ship  is  delayed  95  minutes 
in  each  3  hours  run  yielding  an  efficiency  of  only  53#»  very  little  better 
than  15  minute  jog  sailing. 

t 

There  lc  a  psychological  difference  shown  by  helmsmen  toward  sailing 
jogs  or  square  Jogs  and  zig-zags.  The  latter  in  much  preferred  probably 
duo  to  the  feeling  that  each  zig  and  each  zag  brings  the  ship  nearor  her 
destination,  while  each  jog  is  an  outright  delay.  '  Squares  are  similarly 
detested  but  because  of  their  infrequency  they  are  tolerated  more  amiably 
than  jogs.  A  further  difference  noted  in  sailing  zig-zags  is  that  men  with 
war-time  naval  experience  are  thoroughly  familiar  with  them,  while  jogs  are 
unfamiliar  and  for  some  reason  difficult  to  grasp  at  first.  This  probably 
from  from  the  imperfect  realization  that  two  close  parallel  lines  load  to 
substantially  the  same  destination,  for  the  instinctive  tendency  seems  to 
be  for  the  helmsman  to  want  to  shuttle  back  to  his  first  course  line  at  tho 
end  of  the  first  jog  and  to  the  second  course  line  at  the  end  of  the  second, 
and  so  on.  Jogged  sailings,  aside  from  their  low  efficiency,  have  their 
benefits  in  that  a  prolonged  and  virtually  single  section  can  be  made 
through  a  current  system  which  shows  the  true  current  and  thwarts hips 
component  of  that  current  in  the  light  of  well  established  zero  points. 

Such  is  not  the  case  with  zig-zags. 

Both  zig-zags  and  jogged  sailings  yield  true-current  sections  along  any 
course  with  current  fixes  at  roughly  quarter  arid  half  hour  intervals  re¬ 
spectively.  The  useful  maximum  efficiency  of  jogged  sailing  is  87#  while 
that  of  zig-zag  is  71#  excluding  squares.  Squares  are  needed  moio  often  on 
zig-zag  courses  than  jogged  courses  and  as  these  sailings  are  very  costly 
in  time  the  jogged  sailing  plan  is  custanarily  employed. 
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Two  component  arrays  of  electrodes  seem  to  offer  a  lo£  ffiaTffltfaMii110  .  PR0E 
for  determining  continuously  the  direction  and  magnitude  of  water 
currents  without  course  changes  while  under  way.  The  success  of  the 
technique  depends  upon  two  practical  problems:  aero  point  control  and 
electrode  support;  for  which  there  is  no  immediate  solution. 

t 

The  signal  received  from  a  longitudinal  pair  of  electrodes  is  fully 
discussed  in  section  VIII.  The  signal  from  a  transverse  pair  is  composed 
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of  the  signal  from  the  ship’s  forward  motion  minus  the  residual  electrio 
potential  vector  from  the  component  of  water  motion  parallel  to  the  keel, 
or  at  right  angles  to  the  transverse  inter electrode  line  should  the 
electrodes  have  non-rigid  mounting.  If  the  ship  moves  through  still  water 
no  external  electric  potential  difference  exists  between  the  electrodes 
and  the  potentiometer  is  called  upon  to  supply  the  full  amount  of  bucking 
potential  required  to  balance  out  the  motional  linf  of  the  ship's  way. 

Thus  the  ship's  speed  signal  is  directly  proportional  to  the  ship's  speed. 
The  signal  from  a  following  water  current  is  subtracted  from  the  bucking 
potential  required  of  the  potentiometer  but  this  subtracted  quantity  is 
less  than  %  of  the  motional  kmf  induced  in  the  electrode  leads  by  the 
added  speed  the  ship  has  in  the  following  current .  In  this  way  a  signal 
is  obtained  which  is  very  nearly  proportional  to  the  ship' s  forward 
speed  over  the  bottom. 


The  longitudinal  pair  of  electrodes,  if  non-rigidly  mounted,  respond 
to  wind  induced  leeway  by  altering  their  alignment  with  the  keel.  The 
results  of  this  misalignment  have  been  discussed.  Should  the  longitudi¬ 
nal  electrodes  be  rigidly  attached  to  the  ship  to  prevent  misalignment 
they  will  receive  two  signals  from  the  two  kinds  of  leeway  they  experience: 
leeway  due  to  beam  components  of  wind,  and  leeway  due  to  beam  components 
of  water  current.  The  windage  drives  the  ship  through  the  water  and  over 
the  bottom,  but  the  beam  components  of  water  motion  produce  motion  only 
with  respect  to  the  bottom.  The  windage  drives  the  ship  and  produces  no 
external  potential  difference  between  the  electrodes.  This  signal  is 
fully  recorded  at  the  potentiometer.  The  residual  electric  potential  in 
the  water  due  to  beam  components  of  water  current  is  subtracted  from  the 
signal  due  to  windage  in  the  same  direction  but  is  again  under  %  of  the 
addative  signal  generated  in  the  intereloctrode  length  by  the  motion  of 
the  ship  in  response  to  the  water  current.  Thus  the  ' thwartships '  signal 
is  very  nearly  proportional  to  the  total  crab  motion  of  the  ship  over  the 
bottom.  Composition  of  the  forward  and  lee  motions  of  the  ship  yields 
her  actual  rate  and  direction  of  progress  over  the  bottom,  or  a  value 
very  close  to  it. 

To  measure  the  motional  electric  potential  vector  continuously  so 
that  the  responsible  sea  water  motions  may  be  measured  continuously,  the 
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ship's  speed  signal  must  be  caacolod  out.  Two  means  are  available! 

Stop  the  ship,  or  measure  the  longitudinal  and  transverse  motions  of 
the  ship  through  the  water  and  produce  proportional  eloctrical  signals 
to  be  supplied  inversely  to  the  recorders  with  respect  to  the  signals 
from  the  two  interelectrode  lines .  A  ship  under  no  power  is  rarely 
at  rest  in  the  water  so  that  the  first  alternative  is  not  very  advan¬ 
tageous.  It  is  both  possible  and  more  efficient  to  produce  electrical 
signals  accurately  proportional  to  the  3hip' s  speed  and  leeway.  Dr.  R. 

W.  Guelke  and  Mr.  C.  A.  Schouto-Vannecic  have  produced  on  electromagnetic 
flowmeter  employing  an  artificial  magnetic  field  (J.I.ii.D.  94  XI  37  Feb 
1947  pp  71-74) .  The  theory  of  this  instrument  has  been  investigated  by 
Longuet-Higgins  and  Barber  and  reported  in  ARL/R. 1/102. 22/W  from  the 
Admiralty  Research  Laboratory.  This  email  discus-shaped  instrument 
attached  to  the  keel  of  the  observing  ship  with  its  two  pairs  of  elec¬ 
trodes  aligned  fore-and-aft  and  ' thwartehips •  could  be  made  to  produce 
a  signal  proportional  to  the  motion  of  the  ship's  hull  through  the 
water  for  subtraction  from  the  total  motion  signal  given  by  the  Klee- 
trokinetograph.  The  accuracy  of  this  instrument  when  properly  mounted 
is  of  the  same  order  as  the  ilLectroklno togruph.  It  employs  an  alternating 
artificial  magnetic  field  and  therefore  produces  an  alternating  motional 
Ernf  which  avoids  zero  point  difficulties  entirely.  This  signal  rectified 
and  filtered  is  suitable  for  inverse  feedback  to  the  ELec trokinetograph 
and  can  be  adjusted  to  have  1  mv/knot  sensitivity  and  trimmed  to  match 
the  local  ieodynamlc  correction  applied  to  the  Electrokinetograph  signal. 

This  scheme  seems  entirely  feasible.  A  ship  so  equipped  could 
know  her  geographic  motion  over  the  bottom,  her  forward  speed  over  the 
ground,  her  forward  speed  through  the  water,  her  leeway  over  the  ground, 
her  leeway  through  the  water,  and  the  true  water  current  at  all  times. 

Tiie  difficulty  as  mentioned  in  the  beginning  is  the  instability  of 
electrode  zero  in  the  Lloctrokinetograph  and  the  problem  of  rigid  mount¬ 
ing  of  the  electrodes .  Means  must  be  provided  to  reverse  the  tlectrokine- 
tograph  electrodes  at  regular  intervals  so  that  each  pair  is  presented 
to  the  forces  producing  the  motional  signal  in  a  direct  and  reverse 
sense  to  locate  the  zero  points.  Then  too,  rigid  mounting  presently  in¬ 
volves  very  large  structures  to  support  existing  interelectrode  distances. 
These  distances  can  be  re  luced  as  much  as  BCP/o  through  use  of  recently 
developed  high  sensitivity  recording;  potentiometers  but  the  finite  noise 
level  of  the  electrodes  and  cables  must  be  allowed  for  and  kept  below  1 
or  2  per  cent.  Because  of  the  magnet  c  and  galvanic  effects  of  a  ship's 
metal  parts  it  seems  undesirable  to  bring  the  electrodes  close  to  the 
hull  or  to  attach  thorn  to  it.  Further,  as  a  ship  makes  her  way  through 
the  magnetic  field  of  the  earth  the  lines  of  force  are  drawn  togs ther  as 
the  bow  approaches  and  are  relaxed  again  after  the  stern  passes  by  reason 
of  the  relatively  high  magnetic  permeability  of  her  ferromagnetic  parts. 

A  pair  of  electrodes  near  the  hull  woi&d  be  in  an  environment  of  increased 
magnetic  flux  density  and,  while  tho  signal  intensity  would  be  increased, 
the  enhanced  field  intensity  would.  b&  only  local  and  would  be  responsible 
for  a  closed  circulation  of  electric  currents  through  the  hull  and  in  the 
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water  near  the  hull  of  variable  magnitude  depending  on  the  ship*s  speed/ 
heading  and  overall  magnetic  permeability.  All  this  added  to  the  gal¬ 
vanic  potentials  and  permanent  magnetism  of  the  hull  would  produce  large 
disturbing  effects  and  observational  errors  conceivably  as  great  as 
several  hundred  per  cent.  These  external  influences  would  not  affect 
the  electromagnetic  flow  meter  of  Gueike  and  £choute-V anneck  because  of 
its  rather  high  (Ifj  Gauss)  intensity  artificial  magnetic  field,  but 
would  be  troublesome  to  the  Klectrokinetograph  which  utilizes  the 
geomagnetic  field. 
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Thore  are  a  multitude  of  alternative  sailings  involving  current-fix 
comers  of  both  less  than  and  creator  than  90°.  Those  will  not  be  discussed 
because  each  sailing  plan  will  be  adopted  for  a  epacifio  reason  the  details 
of  which  would  run  into  needless  volumes.  The  remaining  sailing  procedure 
is  the  straight  course. 

The  STRAIGHT  COURSE  is  ideally  useful  as  an  index  of  the  set  of  the 
ship  throughout  its  progress  from  one  geographical  point  to  another*  Were 
it  possible  to  rely  on  the  zero  point  of  the  electrodes  in  all  water  condi¬ 
tions  such  a  record  would  be  exceedingly  valuable  and  simple  to  make. 
Unfortunately  the  present  development  of  electrodes  has  not  yielded  pairs 
with  sufficiently  similar  responses  to  salinity  and  temperature  changes  to 
produce  a  reliable  zero  point  signal  at  all  times.  For  this  reason  straight 
courses  must  be  broken  up  and  reversed  occasionally  for  the  purpose  of  check¬ 
ing  the  zero  point  position  if  for  no  othor. 

TV/0  COMPONENT  ARRAYS  of  electrodes  have  been  considered  from  the  first 
as  the  obvious  solution  to  the  problem  of  sailings.  With  tliree  electrodes 
making  lineo  which  intersect  at  right  angles  to  each  other  it  should  be 
possible  to  measure  the  true  current  continuously  from  a  ship  underway.  Thore 
are-  a  number  of  difficulties  in  the  way  of  practical  relization  of  this  ideal. 
First  is  the  electrode  arrangement  itself.  If  two  electrodes  are  towed  astern 
in  tandem  and  the  third  towed  on  a  paravane  so  as  to  make  a  right  angle  with 
the  first  electrode  of  the  tanclam  line  the  immediate  problem  is  their  spac¬ 
ing.  Paravanes  are  clumsy  devices  and  behave  in  uncertain  ways  such  that 
1  the  transverse  interoleotrode  line  would  be  constantly  changing  its  length. 

')  As  the  electrode  zero-drift  may  be  larger  than  1.0  mv.  it  is  Impractical  to 

reduce  the  interelectrode  distance  and  signal,  strength  and  correspondingly 
expand  the  recorder  scale  so  as  to  be  able  to  hold  the  electrodes  with  some 
stiff  member  because  it  would  be  so  difficult  to  keep  the  recorder  pen  on 
scale.  The  present  interelectrode  distances  are  too  large  to  allow  stiffeners 
to  be  used.  If  a  stiff  member  cobid  be  used  the  paravane  would  be  unneces¬ 
sary  as  the  electrode  array  could; be  mounted  on  a  right  triangular  frame 
and  towed  astern  as  a  whole.  ] 

I 

Should  more  stable  electrodes  be  available  someday  and  allow  closer 
spacing,  the  problem  of  suitable  Recorders  becomes  immanent.  The  industrial 
strip  chart  recorders  in  present  vise  are  tough  reliable  instruments  which 
survive  shipboard  use  quite  well.  These  are  available  with  a  nuwimnm  0f  1 
millivolt  full  scale  span  which  would  decrease  the  present  scale  span  by  a 
factor  of  10.  This,  would  allow  reduction  of  the  interelect  rods  by  the  same 
factor,  but  the  least  discriminabie  sigrial  would  remain  at  its  present  value 
of  10  microvolts  or  1055  of  the  full  scale  rather  than  0.1#  as  it  is  now.  To 
reach  the  order  of  magnitude  of  single  microvolts  or  tenths  of  microvolts 
only  unseawc cthy  instrumentation  is  available.  Yet,  this  problem  is  less 
than  the  electrode  problem.  Should  that  bo  solved  at  any  time 
t  e  evelopment  of  recording  microvoltmetere  and  two— component  computers  is 
highly  exacting  but  relatively  straight  forward  engineering.  A  good  deal 
1  more  could  be  written  about  the  difficulties  and  possibilities  of  two- 

ccmponent  electrode  arrays  but  the  heart  of  the  problem  lies  in  the  elec¬ 
trode  problem  which  must  be  solved  first. 


-  26  -  j 


CONFIDENTIAL 


VI  Instrumentation 

The  first  experiment  performed  to  test  the  principle  of  the  Electrokine- 
tograph  was  conducted  with  a  simple  zero-centerod  panel  type  microammotor* 
Deflections  were  obtained  which  could  be  read  reliably  enough  but  because 
the  readings  were  in  microamperes  it  was  necessary  to  know  the  resistance 
of  the  circuit  to  compute  the  voltage*  observed.  Anyone  who  has  tried  it 
can  testify  that  the  measurement  of  the  resistance  of  any  circuit  contain¬ 
ing  an  electrolyte  in  any  branch  is  well  nigh  impossible  by  direct  current 
methods.  The  readings  obtained  are  almost  meaningless  because  the  resist¬ 
ance  (and  polarization  potential)  changes  with  the  application  of  a  volt¬ 
age  needed  to  make  the  measurement. 

In  the  second  experiment  voltageo  were  read  directly  with  a  potentiom¬ 
eter.  This  was  accomplished  with  a  Student  Type  Leeds  &  Northrup  potentiom¬ 
eter  coupled  to  a  Brown  Instrument  Co.  chopper  amplifier  and  balancing  motor 
which  was  mechanically  connected  to  the  potentiometer  to  produce  continu¬ 
ously  balanced  readings.  The  results  ware  good  enough  to  show  that  the 
voltages  agreed  roughly  with  those  expected  from  Faraday’s  theory.  Follow¬ 
ing  this  a  Brown  Instrument  Company  indicating  potentiometer  pyrometer  was 
modified  to  read  In  millivolts  on  a  zero-centered  scale.  While  this  instru¬ 
ment  indicated  the  voltages  correctly  and  was  rugged  enough  to  withstand 
the  rolling  and  vibration  of  small  boats  it  was  difficult  to  judge  the 
average  voltages  of  current  signals  through  the  oscillating  wave  signal 
voltage  and  also  a  problem  to  determine  the  zero-point  of  the  electrodes. 

The  number  of  separate  notebook  entries  per  hour  of  running  ran  into  many 
hundreds  and  were  confusing  to  analyse.  For  this  reason  a  continuous  bal¬ 
ance  strip-chart  recorder  was  purchased  and  has  been  used  ever  since  as 
the  nucleus  of  the  Elec trokinet ograph , 

Continuous  balance  strip-chart  potentiometers  are  relatively  expensive 
(about  $500  at  present  market  figures)  but  their  reliability  is  remarkable. 
They  can  be  obtained  in  a  number  of  forms  \  as  multiple  point  recorder*;  with 
a  repeating  stamp  wheel,  with  left  hand  zero  or  centered  zero  scales  with 
spans  of  from  1  millivolt  upward,  and  by  appropriate  gear  train  changes  the 
strip  chart  can  be  made  to  run  at  practically  any  deeired  rate  under  the 
pen.  Each  instrument  carries  a  standard  cell  to  which  reference  is  made 
automatically  at  fixed  intervals.  Provision  is  also  made  for  standardiza¬ 
tion  at  the  will  of  the  operator.  The  minimum  signal  which  these  instru¬ 
ments  will  recognize  reliably  is  of  the  order  of.  8  or  10  microvolts,  depend¬ 
ing  upon  the  make.  Because  this  minimum  has  a  discrete  value  the  record 
of  a  slowly  changing  voltage  is  often  composed  of  a  series  of  minute  steps 
about  a  pen’s  width  apart.  During  more  rapid  changes  of  voltage  the  line 
la  smooth  because  the  recorder  balance  point  lags  behind  the  signal  ever  eo 
little  and  does  not  catch  up  until  the  signal  becomes  oonatant.  Instruments 
having  slow  full  scale  traverse  mechanisms  lag  the  signal  more  than  faet 
traverse  instruments.  The  two  principal  manufactures  of  these  instrument# 
are  the  Brown  Instrument  Company  and  Leeds  &  Northrup  Company  both  of  whoa 
produce  instruments  having  a  "fast"  traverse  which  amounts  to  about  2  sec¬ 
onds  for  a  full  scale  sweep  of  roughly  12  inches,  Either  of  these  makes  of 
instrument  will  withstand  continuous  violent  tilting  and  heavy  vibration 
without  damage  or  loss  of  accuracy.  They  are  therefore  well  suited  to  use 
at  sea. 
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The  remaining  specifications  needed  to  define  one  of  theee  instruments 
uniquely  are  scale  span  and  chart  speed.  Originally  the  scale  span  was 
chosen  to  achieve  1  millivolt  per  knot  sensitivity  over  a  range  of  5 
millivolts  either  side  of  a  centered  zero.  This  was  considered  a  practical 
choice  both  in  terms  of  the  interclectrode  distance  needed  to  produce  this 
signal  and  also  from  the  point  of  view  of  the  ability  of  the  potentiometer 
to  discriminate  1/lQOth  part  of  a  millivolt  or  knot,  and  still  permit 
measurement  of  tliwart ships  currents  as  swift  a3  5  knots  provided  of  course 
the  electrode  zero  and  the  mechanical  zero  of  the  recorder  coincide.  (Con¬ 
trol  of  this  coincidence  will  be  discussed  later  on.)  The  strip  chart 
speed  was  difficult  to  specify  at  once  and  so  a  nuaber  of  reasonable  chart 
speeds  were  provided  for  the  first  instrument  which  ranged  between  10  and 
120  inches  per  hour.  It  has  boon  found  that  the  wave  signal  is  the  moat 
complicated  of  all  and  that  it  can  be  recorded  at  60  inches  per  hour  with¬ 
out  the  pen  retracing  itself  and  for  ordinary  current  work  20  to  30  inches 
per  hour  will  present  the  signals  clearly  for  *01  work  except  detailed 
studies  of  waves.  If  the  chart  speed  is  too  high  it  is  difficult  to  take 
accurate  eye-averages  consequently  in  the  interests  of  accuracy  and  paper 
eocnomy  the  slowest  practical  chart  speed  is  most  desirable.  Chart  spoods 
of  1/3  or  1/2  inch  par  minute  are  considered  optimum  for  survey  work  on 
long  cruises. 


The  POWER  SUPPU  (see  wiring  diagram,  fig.  3)  for  these  instruments 
is  designed  to  be  110  volt  60  cycle  A.C.  The  strip-chart  drive  motor  is 
synchronous  and  for  this  reason  the  frequency  of  input  power  must  be  moni¬ 
tored  by  a  frequency  meter  of  some  sort.  The  Frahm  vibrating  reed  type 
has  been  found  satisfactory.  The  sensitivity  of  the  amplifier  is  affected 
somewhat  by  changes  in  the  input  voltage  and  this  too  must  be  monitored. 
Voltage  fluctuations  of  5  volts  can  be  tolerated  without  noticeable  inter¬ 
ference  so  that  an  ordinary  A.C,  panel  voltmeter  is  quite  satisfactory. 
Ship's  power  usually  has  provision  for  voltage  control  in  the  engine  room 
but  if  this  is  lacking  or  inaccessible  a  G.R.  Variac  can  be  put  in  the  n™. 
to  control  the  input  voltage  at  the  instrument.  Should  the  ship's  A.C. 
power  be  converted  D.C.  or  contain  D.C.  elements  aboard,  it  is  necessary  to 
isolate  the  power  input  of  the  recorder  from  the  ship's  power  by  an  isolat¬ 
ing  transformer.  Any  D.C.  components  in  the  power  supply  will  leak  through 
the  chassis  of  the  recorder  and  through  the  hull  in  such  a  way  as  to  pro- 
sent  D.C.  potentials  at  the  electrodes.  This  is  ruinous  to  the  electrode 
®af-f?pe8  311(1  should  be  avoided  by  . every  possible  means.  A  good  quality 
1:1  Thordarson  250  watt  isolating  transformer  has  been  used  with  success 

and  ©vory  precaution  has  been  taken  to  insulate  the  recorder  and  electrode 
lines  from  the  ship. 


The  Brown  Instriiment  Company's  recorder  requires  a  ground  connection 
for  sensitive  operation.  This  poses  a  problem  since  the  electrodes  are 
essentially  measuring  differences  in  ground  potential.  To  add  a  "thirl 
ground  to  the  system  without  interfering  with  the  electrodes  is  difficult 
Instead  of  a  separate  connection,  the  instrument  ground  was  made  through  * 
one  of  the  electrodes.  When  the  power  supply  and  instrunent  chassis  are 
isolated  from  the  ship  this  dodge  is  quite  satisfactory.  The  Leeds V 

!!!!««£  ref°rdorn,doef  ^  require  a  ground  connection  and  this  problem 
does  not  arise.  For  this  reason  a  choice  has  been  made  fawringtha  & 
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recorder,  even  though  the  Brov/n  and  L&N  instruments  are  quite  comparable  in 
other  respect8. 

On  the  INPUT  side  of  the  Eloctrokinotograph  circuit  (see  wiring  diagram 
fig-  3)  no  special  equipment  is  required,  although  a  number  of  auxiliary 
circuits  add  to  its  convenience  in  operation.  With  zero  centered  scales 
there  is  opportunity  for  a  given  signal  from  the  sea  to  be  registered  am¬ 
biguously  as  a  positive  or  negative  deflection  depending  upon  the  manner  in 
which  the  electrodes  are  connected.  To  settle  the  question  of  sign  an 
arbitrary  convention  has  been  developed  for  the  northern  magnetic  hemis¬ 
phere}  "THE  RECORDER  SHOWS  THE  SIGN  AND  MAGNITUDE  OF  THE  POTENTIAL  AT  THE 
MORE  DISTANT  ELECTRODE  WITH  RESPECT  TO  THE  NEARER  ONE."  The  reasoning  bo- 
hind  this  convention  is  based  on  tha  fact  that  the  motional  electromotive 
force  in  the  sea  is  counted  positive  in  the  sense  of  direction  from  plus 
to  minus.  Thus,  if  the  farther  electrode  is  more  positive  than  the  nearer 
one  the  motional  IMF  in  the  soa  or  soma  component  of  it  is  pointed  in  the 
same  direction  as  the  ship.  If  the  recorder  ic  facing  aft  so  that  the  ob¬ 
server  faces  forward  to  read  it,  a  positive  deflection  is  on  the  starboard 
side  of  zero  which  is  also  the  direction  in  which  the  ship  is  being  set  by 
the  current  producing  the  motional  EMF.  In  this  way  the  sign  and  magnitude 
of  the  voltage  trace  chows  the  sense  of  the  set  while  sailing  a  given  head¬ 
ing.  Acceptance  of  this  convention  reduces  confusion  enormously .  Even  if 
the  recorder  is  facing  forward  or  thwartshi.ps  the  convention  ie  adhered  to 
for  the  sake  of  clearness  in  later  interpretation  of  the  records  in  the 
laboratory.  In  this  way  till  records  have  the  same  meaning  and  mental  gym¬ 
nastics  are  unnecessary  during  comparison.  For  similar  reasons  all  written 
notes  on  the  recorder  tape  are  made  perpendicular  to  the  time  axis,  and 
"right  side  up."  The  chart  is  driven  downward  so  that  time  progresses  up¬ 
ward  on  the  tape.  If  all  written  notes  are  entered  so  as  to  be  right  side 
up  when  the  tape  ie  as  It  was  in  the  recorder  the  direction  of  time  is  es¬ 
tablished  oven  though  the  number  of  time  entries  is  small.  The  voltage 
traces  are  surprisingly  ambiguous  with  respect  to  time  and  if  the  direction 
progress  of  time  ie  undetermined  so  are  the  signs  of  the  voltages  and  con¬ 
sequently  the  directions  of  the  responsible  currents  by  a  factor  of  180°. 

To  sum  up  matters  concerning  the  connections  made  at  the  recorder  inputt 
first  determine  which  binding  post  made  positive  will  produce  a  right  hand 
defection  on  th©  recorder  and  label  it  (+)  and  second,  connect  tha  wire 
from  the  farther  electrode  to  tills  binding  post.  This  procedure  establishes 
the  convention  of  signs „ 

Direct  connection  to  the  electrodes  allows  the  recorder  to  receive 
the  total  signal  from  the  sea.  As  has  been  pointed  out  in  th©  section  on 
signals,  this  total  signal  is  composed  of  the  Current,  the  Turbulence  and 
the  Wave  signals.  The  wave  signal  oan  be  controlled  by  the  wave  signal 
suppressor  section  of  the  input  control  circuit  (see  wiring  diagram,  fig. 

3).  This  consists  of  pure  capacitance  placed  in  varying  amounts  across 
the  input.  As  shown  in  the  circuit  diagram  the  units  of  capacitance  are 
large  (24,000  miorofarads)  and  their  effect  is  to  reduce  the  response  of 
the  recorder  to  longer  and  longer  period  signals  as  the  total  capacitance 
is  increased.  The  subsections  of  capacitance  are  in  units  of  1,  1,  2,  4, 
and  8  times  24,000  miorofarads  such  that  the  total  capacitance  in  shunt  is 
doubled  as  each  section  of  capacitance  is  added.  Switches  also  may  be 
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thrown  in  such  a  way  as  to  add  1,2,3, A 5,6,7, 3 , 9, 10, 11 , 12,13 , .11,  15 ,  and  16 
units  at  will,,  Pure  capacitance  is  used  so  that  tho  constant  potential 
(D.C.)  Traction  of  the  total  signal  is  unaffected*  The  capacitors  are 
Sprague  electrolytic  condensers  rated  at  3  Volta*  Since  eloctro3.ytic 
capacitors  have  an  internal  potential  the  condensers  are  carefully  graded 
and  matched  against  one  another  so  that  tho  potential  of  one  is  counterac¬ 
ted  by  the  potential  of  another  which  is  connected  in  opposition*  This  can 
be  done  for  all  but  the  firot  two  sections  which  are  composed  of  single 
condensers  *  These  two  are  selected  fron  many  for  their  lack  of  foil  po¬ 
tential.  All  the  capacitors  arc  secured  bg  a  short  circuiting  buss  bar 
common  to  the  switches  controlling  all  the  sections.  In  this  way  any  ten- 
dancy  to  develop  foil  potential  is  expended  by  long  periods  of  short  circuit 
rest.  No  trouble  has  deveiopad  from  foil  potential  thus  far.  Should  foil 
potentials  exist  they  are  immediately  apparent  as  a  sharp  kick  of  voltage 
whenever  the  condenser  bank  is  put  into  service.  Shorted  condensers  bring 
the  recorder  pen  to  the  instrumental  aoro  point  very  abruptly  and  hold  it 
there.  No  trouble  has  arisen  from  this  cause  either,  despite  the  extra¬ 
ordinary  specifications  of  these  capacitors.  Only  one  difficulty  has  arisen 
with  the  condenser  banks  in  that  ordinary  double-pole  -  double-throw  switches 
can  develop  high  contact  resistance  when  they  are  used  for  low  voltage  ser¬ 
vice,  Thus  it  occasionally  happens  that  throwing  a  fouled  switch  will  not 
bring  in  the  condenser  bank  it  controls.  This  is  simply  remedied  by  work¬ 
ing  the  switch  a  few  times  with  1.5  volts  across  it.  But  cleared  in  tliis 
way  the  condensers  may  be  polarized  unless  the  polarity  of  the  potential  is 
reversed  between  operations  of  tho  switch,  then  left  on  "short"  for  awhile 
until  the  condensers  recover  their  equilibrium.  If  convenient  it  is  best 
to  disconnect  the  condensers  while  clearing  the  switch. 

It  will  be  noted  from  the  circuit  diagram  that  tho  condenser  bank 
enters  the  circuit  by  way  of  a  DP-DT  switch  which  automatical ly  cute  out 
tbs  condensers  whenever  the  ZERO-POINT  CONTROL  CIRCUIT  its  being  used*  This 
circuit  employe  voltages  in  excess  of  the  rating  of  the  condensers  and 
makes  such  an  interlock  arrangement  imperative. 

The  ZERO-POINT  CONTROL  CIRCUIT  is  a  convenience  which  makes  it  pos¬ 
sible  to  adjust  the  contact  potentials  of  the  two  electrodes  with  respect 
to  each  other  without  removing  them  from  the  sea  .for  chemical  treatment 
as  was  formerly  the  case.  By  this  circuit  both  electrodes  are  made  posi¬ 
tive  with  respect  to  a  separate  ground  which  may  be  the  ship  or  a  piece  of 
metal  hung  in  the  water  from  a  wire  over  the  side.  The  latter  procedure 
is  preferred  as  it  avoids  miscellaneous  potentials  from  othe:  circuits 
uboard  ship.  The  positive  potential  from  tho  battery  is  lead  to  the  elec¬ 
trodes  through  the  movable  center  tap  of  a  10  Sa  potentiometer  connected  > 
through  .IflftO'rfw  to  the  battery.  Motion  of  this  center  tap  p'  te  more  resis¬ 
tance  in  series  with  ons  electrode  and  less  in  sorias  with  tho  other.  Thus 
one  electrode  will  pass  more  charge  than  the  other  when  the  <  ircuit  is 
closed.  This  charge  is  passed  through  the  sea  by  reaction  of  Cl“  ions  with 
the  Ag-AgCl  of  the  electrode  surface  producing  more  AaCl  and  ex'"  atmosphere 
and  proportional  charge  in  the  contact  potential  of  each  alar. trade. 

Ideally  these  potentials  should  bo  identical.  For  this  reason  a  microam- 
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meter  is  placed  in  shunt  across  the  electrode  linos  so  that  by  actuating 
the  center  tap  of  :,he  potentiometer  the  mijro<u<imeter  can  be  made  to  read 
"zero."  This  condition  indicates  that  equal  currents  flow  In  both  legs 
of  the  circuit  and  also  indicates  equal  rates  of  oleccrode  reaction  with 
the  sea.  The  position  of  the  potentiometer  center  tap  changes  constantly 
during  this  operation  because  of  the  Inequality  of  Instantaneous  reaction 
rate  at  the  two  electrodes  and  because  of  slight  changes  of  resistance 
along  the  two  current  pat  lip.  In  practice  the  balance  point  can  be  refined 
after  rough  adjustment  by  putting  the  strip-chart  recorder  in  the  circuit 
and  setting  the  circuit  dividing  potentiometer  at  such  a  point  that  the 
voltage  trace  oscillates  about  zero,  Such  a  treatment  lasts  only  a  minute 
or  sc  if  6  to  22.5  volts  are  used  at  the  battery.  If  grounding  conditions 
are  bad  the  voltage  may  havy  to  bo  increased  to  as  much  as  90  volts  to  pro¬ 
duce  enough  effect  in  a.  short  time. 

Electrodes  eo  treated  will  usually  show  so mo  reaction  which  may  require 
as  much  as  5  minutes  to  expend  itself.  Usually  too  the  new  zero  point  will, 
not  coincide  with  the  mechanical  zero  of  the  recorder  but  will  lie  a  little 
toward  the  same  side  as  it  originally  erred.  This  can  be  cured  by  repeat¬ 
ing  the  zero  adjustment  procedure  with  the  balance  point  a  little  to  the 
opposite  eide  of  t,he  instrumental  zero  as  a  sort  of  "straightening  a  bent 
twig"  operation.  It  will  be  found  that  the  result  will  be  closer  to  mechani¬ 
cal  zero  than  a  number  of  zorced  balance  point  operations  would  produce. 

The  zero-point  control  circuit  has  shown  itself  to  be  almost  indis¬ 
pensable  on  cruises  across  long  salinity  gradients  where  aero-shift  effects 
are  slow  but  persistent.  It  is  also  convenient  for  shifting  the  zero  point 
far  to  the  right  or  left  to  give  an  expanded  scale  for  measuring  currents 
larger  than  the  ordinary  range  of  the  instrument.  It  ‘also  has  an  added  _ 
effect  of  keeping  the  electrodes  in  good  condition  longer  by  replacing  Cl  ions 
flushed  out  of  their  atmospheres  from  the  unlimited  supply  in  the  sea, 
rather  than  from  the  decomposition  of  the  AgCl  coating. 

To  return  to  the  power  supply  section  of  the  recorder,  a  secondary 
power  supply  is  taken  off  the  input  transformer  for  operating  the  MagneByn 
compass  tt  12  volts  D.C.  This  power  is  extracted  by  a  filament  transformer 
which  produces  about  25  volts  and  3  «Q  amp.  max.  A.C.  at  the  input  of  a 
Selenium  bridge-type  rectifier  the  output  of  which  is  12.5  volts  D.C.  A 
rather  heavy  capacitor  is  placed  across  this  pulsating  D.C.  to  smooth  it 
before  it  reaches  the  magnesyn  inverter  which  produces  the  32  volt  400 
cycle  A.C.  needed  to  operate  the  compass.  This  is  a  round-about  circuit 
but  it  ie  actually  more  compact  than  storage  batteries  which  would  be 
needed  otherwise.  The  iiagnesyn  Compass  has  been  used  to  give  separate 
indication  of  ship's  heading  up  to  the  present,  but  when  a  direction  in¬ 
dicator  ie  installed  on  the  interelectrode  line  it  will  eerve  that  purpose 
equally  well.  Thus  the  Magnesyn  power  supply  is  likely  to  remain  a  com¬ 
ponent  of  the  deck  unit  unless  a  better  remote  indicating  direction 
system  can  be  found.  Under  good  conditions  the  Magnesyn  is  accurate  to 
2  degrees  and  is  equipped  with  a  full  set  of  compensating  magnets  so  that 
it  can  be  installed  practically  anywhere.  To  avoid  lengthy  compensating 
procedures  the  transmitter  has  been  mounted  high  above  the  ship  on  wooden 
masts  or  other  firm  ncn-magnetic  structures  where  the  compensation  problem 
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is  less  acute o  When  employed  on  the  intareloctrod®  line  far  from  the  ship 
the  compensation  difficulty  should  practically  vanish,, 

The  ELECTRODES  and  their  CABLE  constitute  a  separate  unit  of  the 
Slactroklneiograph.  The  cables  employed  have  boon  two  conductor  rubber 
covered  varieties  such  as  Demolition  Cable,  XQ‘i-2,  Tirex,SJ~l6,  and 
others.  Demolition  cable  has  vary  high  tensile  strength  but  low  reelo- 
tanee  to  abrasion  by  BT  wire.  This  is  also  true  of  SJ-16  which  is  unshielded. 
Shielded  two  conductor  cables  ouch  as  ilCOS-2  and  Simplex  Tirex  may  be  cut 
through  but  the  shield  arrests  tho  BT  wire  and  prevents  it  from  breaking 
the  insulation  over  the  conductors,  bhile  this  sort  of  cable  is  not 
exceptionally  strong  tho  strain  on  the  electrode  line  is  not  greater  than 
100  lbs  at  8  knots  and  no  failure  has  occurred.  Light  cables  have  been 
chosen  so  that  the  electrode  cable  can  bo  handled  by  one  man.  Sometimes 
it  is  necessary  to  haul  the  electrodes  in  a  hurry  when  again  lightness  and 
flexibility  are  helpful.  Fish  may  attack  the  cable  but  so  far  they  have 
only  attacked  the  electrode  cases. 

Fitting  out  the  cable  with  electrodes  is  accomplished  by  first  measur¬ 
ing  off  a  length  from  one  end  roughly  3  times  the  length  of  the  ship  on 
which  the  cable  is  to  be  used.  This  point  is  the  location  of  the  first  or 
nearest  electrode.  The  location  of  the  second  electrode  is  detexmined  from 
the  relationohip  of  a  the  lntereleotrode  length  to  the  strength  of  the 
vertical  component  of  the  earth's  magnetic  field  (Figure  4)  such  that  for 
a  given  value  of  (L  the  value  of  a  can  be  chosen  which  will  yield  a  signal 
strength  of  1  millivolt  per  knot  of  currant ,  The  value  H7j  is  determined 
by  the  magnetic  latitude  in  which  observations  are  to  be  made.  Values  of 
frf  for  every  point  on  the  earth  are  plotted  on  Chart  H.O.  1702 „  For  work 
in  the  region  off  the  east  ooaot  of  continental  United  States  the  modal 
isodynamic  line  has  the  value  500  railligauss  (also  called  500  raillioar- 
stead  or  0.500  Oeratead),  this  by  figure  4  corresponds  to  a  value  of 
s  =  38.9  meters.  This  length  is  measured  off  from  tho  first  electrode  point 
and  the  cable  cut  .•« 

At  the  measured  points  tho  outer  rubber  covering  of  tho  cable  is  cut 
away  and  the  shield  is  pierced  so  as  to  expose  one  conductor.  The  conduc¬ 
tors  of  two  conductor  cable  are  commonly  coded  black  and  white.  By  con¬ 
vention  the  black  lead  is  considered  "positive”  and  is  connected  to  the 
distant  electrode.  The  white  lead  is  therefore  exposed  at  the  first  elec¬ 
trode  point  and  the  Silver-Silver  Chloride  electrode  soldered  to  it. 


(*)  If  desired,  a  length  greater  than  3^.9  meters  oan  be  measured  off  so 
that  s  oan  be  altered  by  taping  the  distant  electrode  to  the  cable  after 
looping  it  back  to  the  3^.9  meter  point.  This  extra  length  is  called  an 
”£  trimmer"  and  serveB  as  an  adjustment  of  s  ouch  that  the  signal  strength 
can  be  maintained  at  1  millivolt  per  knot  of  current  even  though  the  ship 
may  work  in  areas  where  is  lower  or  higher  than  the  modal  value  of  500 
mllligauss.  Of  course  it  is  also  possible  to  keep  ,8  constant  and  correct 
the  readings  by  simple  proportion.  This  is  more  commonly  done. 
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This  joint  and  the  whole  opening  in  the  cable  is  then  carefully  taped  up 
with  either  Anhydrex  or  Uskorona  rubber  tape.  With  Anhydrex  tape  one  must 
stretch  the  black  tape  until  it  appears  brovjn  and  shorfs  etriatlphs  in 
order  to  secure  a  thoroughly  water-tight  seal.  Uskarona  is  gray  and  a 
much  tougher  tape  but  must  bo  pulled  very  tight  to  insure  an  impervious 
seal.  The  splicing  operation  should  be  done  as  follows:  wrap  the  soldered 
joint  first  with  a  narrow  (half  width)  of  filet ion  tape  and  then  with  a 
half  width  of  rubber  tape.  Wrap  the  shield  and  other  conductor  of  the 
cable  with  friction  tape  and  then  vdth  rubber  tape.  Press  the  soldered 
splice  portion  against  the  unsoldered  part  of  the  cable  and  secure  the 
two  together  with  half-width  friction  tape:  Cover  the  whole  opening  in 
the  cable  a  distance  of  at  least  two  inches  on  either  side  of  the  opening 
with  rubber  tape.  At  the  points  where  the  outer  rubber  covering  of  tho 
cable  is  taped  over  it  is  best  to  clean  the  cable  with  CC1, ,  but  let  the 
solvent  cleanser  dry  thorougtily  before  taping  over.  Do  not  use  gasoline 
or  petroleum  solvents  for  this  cleaning  ae  they  attack  natural  rubber. 

A  double  thickness  of  rubber  tape  covered  with  a  single  thickness  of  fric¬ 
tion  tape  completes  the  splice. 

The  distant  electrode  splice  is  simpler  because  it  is  a  one-sided 
splice.  To  proceed  hero,  cut  away  two  inches  of  the  cable  covering,  expose 
the  shield  and  white  conductor,  and  strip  the  insulation  off  the  black 
conductor.  Put  a  line  of  solder  around  the  shield  to  stiffen  it  anti  cut 
away  the  excess.  Solder  the  end  electrode  to  the  black  conductor  and  tape 
it  with  half -width  friction  tape.  Tape  over  the  end  of  the  white  conductor 
with  half -width  friction  tape  and  run  the  tape  cover  back  over  the  shield. 
Clean  the  rubber  outer  covering  of  the  cable  and  cover  with  two  layers  of 
rubber  tape  the  whole  terminus  of  the  cable  exposing  only  the  electrode. 
Complete  the  splice  with  a  layer  of  friction  tape. 

Next  the  electrode  housings  are  fitted  to  tho  cable  (figure  5) »  The 
barrels  of  the  housings  must  be  slid  along  tha  cable  to  the  electrodes  but 
the  end  pieces  can  be  opened  by  removing  the  splines  and  be  slipped  over 
the  cable  directly.  Clamp  one  end  piece  (the  end  closest  the  ship)  at 
each  electrode  and  secure  the  barrel.  Then  pack  tho  barrel  very  tightly 
with  glass  wool.  Use  as  much  force  as  possible  in  packing  so  that  the  glass 
wool  1b  impenetrable  even  to  rather  sharp  instruments  and  then  make  fast 
the  other  cable  clamp.  In  handling  glass  wool  there  is  some  danger  of 
skin  and  eye  irritation  from  flying  p&rticlsu.  To  avoid  this  keep  the 
glass  wool  wet  (with  sea  water)  or  wear  goggles.  It  is  best  to  do  the 
packing  in  the  open  as  particles  of  glass  wool  are  difficult  to  sweep  up 
and  may  fly  in  the  air  for  weeks  after  a  packing  session  indoors. 

At  the  terminal  electrode  only  one  cable  clamp  is  clamped  around  the 
cable,  the  other  is  free.  If  left  so  it  has  been  found  that  the  terminal 
electrode  yaws  violently  in  the  water  and  may  eventually  break  off  the  con¬ 
ductors.  To  steady  the  motion  of  this  electrode  a  15  foot  length  of  1 1  a 
line  is  placed  in  the  grip  of  the  unused  cable  clamp  and  allowed  to  trail 
behind  the  electrode  as  a  drogue.  This  increases  the  cable  strain  appreci¬ 
ably  but  serves  to  keep  the  intereloctrode  line  in  the  horizontal  plane  as 
well  as  to  steady  the  terminal  electrode  case. 
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The  design  of  the  electro- ;e  housing  ( figure  5)  is  deliberately  ovo> 
done.  They  are  built  of  Forni  (or  Micsncld)  tubing  perforated  with  20 
1/8-inch  holes  near  the  ol«ctr.>cki  aur.faco  end  supported  at  the  ends  by 
formica  plugs  containing  splin to  clamp  the  cable.  The  splines  and  the 
slots  in  the  plugs  are  treaded  coarsely  so  that  when  the  s  aline  is  brought 
snugly  against  the  cable  the  grip  will  withstand  very  large  tensile  strains. 
This  relieves  the  splice  of  external  cable  tension  since  the  barrel  of  the 
electrode  housing  carries  the  tension  over  the  electrode  and  transmits  it 
to  the  undisturbed  part  of  the  cable  farther  along.  The  crushing  strength 
of  the  formica  is  sufficient  to  withstand  being  run  over  by  a  1  ton  truck, 
and  has  withstood  the  bite  of  a  shark  on  one  occasion  aa  evidenced  by  the 
tooth  fragments  remaining  in  the  electrode  case. 

When  completed  the  electrode  cable  is  put  into  service  by  simply  heav¬ 
ing  it  over  the  aid©  .'.rogue  first  and  allowing  the  drag  of  the  ship's  way 
to  pull  the  remainder  off  the  dock.  When  about  2.5  times  the  ship's  length 
of  cable  is  overboard  the  cable  is  clamped  and  the  free  and  run  into  the 
laboratory  where  connections  are  made  to  the  Electroklnetograph  input  ter¬ 
minals.  The  black  coded  conductor  is  made  fast  to  the  positive  terminal 
and  the  white  to  the  negative. 

The  clamp  and  rig  of  the  overboard  portion  of  the  cable  is  subject  to 
variation  depending  on  the  chip.  In  general  it  ie  well  to  rig  the  cable 
well  outboard  on  a  light  but  long  boom  on  the  opposite  side  of  the  ship 
from  the  taff-rail  log  or  BT  winch  to  avoid  fouling.  A  light  block  at  the 
end  of  the  electrode  boom  carrying  an  endless  line  long  enough  to  r  each 
the  dock  and  be  belayed  on  a  cleat  makes  a  convenient  rig.  The  endless 
line  (signal  hoist)  may  carry  a  dead-eye  or  wooden  sheave  through  which 
the  electrode  cable  is  'reeved  end  clewed  with  friction  tape  served  with 
marline.  To  haul  the  electrode  cable  one  has  merely  to  bring  the  dead 
eye  on  deok  and  haul  away.  The  electrode  cable  is  best  stowed  by  flaking 
it  either  on  deck  or  over  a  pair  of  pins  secured  to  a  convenient  bulkhead. 
The  electrodes  thorns elves  are  stored  in  sea  water.  A  heavily  waxed  wooden 
tub  of  soa  water  is  bast  since  it  insulates  the  electrodes  from  the  ship 
and  prevents  electrochemical  damage  to  them.  The  water  level  in  the  tub 
should  be  high  enough  to  cover  the  electrodes  but  not  so  high  as  to  over¬ 
flow  with  the  roll  of  the  ship.  Such  overflow  will  make  electrical  contact 
between  the  electrodes  and  the  deck. 

IMGNhTOMiiRTY .  On  several  cruises  an  NOL-type  saturated  core  magnetom¬ 
eter  built  by  Leeds  &  Northrup  was  carried  t.c  measured  at  sea.  It  was 
found  that  the  values  ran  erratically  around  the  values  given  on  Chart 
H. 0.1702  and  depended  a  good  deal  on  the  heading  of  the  ship.  A  great 
amount  of  time  was  spent  shifting  the  detector  from  place  to  place  on  the 
ship  in  an  attempt  to  secure  readings  which  independent  of  the  ship  s 

heading ♦  Taking  the  ship  as  a  dipole  one  would  think  a  point  high  and 
midships  would  bo  least  affected  by  ship's  field  for  measurement  of  the 
vertical  component.  Such  was  not  the  case.  On  the  Afrjffltls  a  long  spar 
was  rigged  out  on  the  bow  as  a  bow-sprit  and  the  magnetometer  heed  sus¬ 
pended  from  the  tip  20  feet  from  the  ship.  Readings  ware  improved  but 
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still  showed  variations  as  great  as  10  milligauss  on  different  headings. 
Thaca  experiments  in  local  waters  gave  no  better  information  than  is 
available  on  H.O.  1702  .-.ud  since  then  this  chart  has  been  taken  at  its 
face  value.  It  is  not  known  hov  reliable  this  and  the  other  magnetic  . 
charts  are,  but  for  tho  purpoaeu  of  the  Electrokinetograph,  values  of 
Hz  to  the  nearest  5  atUligauss  in  500  (1$)  is  v/ithin  the  experimental 
error  of  the  instrument  and  sufficiently  precise  for  work  in  high  mag¬ 
netic  latitudes. 

The  Electrokinetograph  is  iiore  and  mors  efficient  as  the  value  of 
Ha  increases.  It  is  efficient  in  the  sense  that  the  standard  signal 
strength  can  be  received  from  shorter  and  shorter  intorelectrode  lines 
as  Jij,  increases.  In  the  opposite  sense  the  interelectrode  distance  be¬ 
cause  very  large  as  work  extends  toward  the  magnetic  equator  (where 
H„  =  0)  and  theoretically  becomes  infinites  at  the  magnetic  equator  itself. 
The  practical  lower  limit  of  magnetic  latitude  in  which  1  he  Electrokineto- 
graph  can  be  used  successfully  is  probably  at  the  100  mil.’-igauss  isodyne. 
At  this  line  the  interelectrcda  distance  must  be  increased  to  about  200 
meters  or  the  1  mv./knot  ratio  reduced  to  some  other  figur'.  In  low 
magnetic  latitudes  the  value  of  H  must  be  better  known  too  in  order  for 
the  percentage  error  to  remain  at  not  more  than  2  per  cent.  Independent 
magnetanetry  will  doubtless  have  to  b®  done  from  the  ship  if  work  is 
attempted  in  low  magnetic  latitudes « 


VII  Theory/; 
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Tho  following  discussion  3s  divided  into  two  parts-;  (l.  an  explanation 
of  the  basic  physical  princ3.p3.o':-  w'nich  combine  to  produce  w  ’.surabie  poten¬ 
tials  in  a  wire  between  two  elt  cl j-odur  towed  In  moving  sea  •.  ater,  and  (II) 
a. rigorous  mathematical  treatment  by  Mr.  Henry  Etuarael  of  tl  3  strength  and 
distribution  of  residual  c  ’’  cob  .vie  potential  .fields  in  the  stu  which  act  to 
reduce  tho  potential ;;  measured  an  the  tov'ocl  wire  to  a  figure  slightly  less 
than  the  value  of  the  motional  Etaf  ootnined  from  Faraday's  law. 


Part  I  -  Basic.  Relationships 


K 


l 

it 


The  quantity  which  is  fundamentally  responsible  for  the  potentials 
developed  in  the  tovrod  wire  and  in  the  see,  itself  is  the  electric  field 
strength  £.  This  quantity  Is  the  driving  force  which  Is  cnj. vEle  of  pro¬ 
ducing  motion  when  it  acts  on  charged  particles.  The  phenwr ;.na  accompany— 
ing  the  motions  of  cliarges  can  be  measured  by  ordinary  elect  i  leal  instru¬ 
ments  while  the  electric  field  itself  cannot.  Nevertheless  tho  properties 
of  an  electric  field  must  bo  understood  if  tho  measurable  effects  it  pro¬ 
duces  are  to  be  rationalized  and  predicted. 


!■;  ' 


tS 


An  electric  field  is  said  to  exi.st  if  a  charge  placed  i  \  a  region 
experiences  an  electric  force.  The  magnitude  of  the  force  F  depends  on 
both  tho  electric  field  intensity  £  and  the  charge  a  or,  the- -'article, 

F  ~  qE  (11) 

By  this  defiriition,  the  electric  field  intensity  at  any  poin  .  is  the  force 
exerted  by  the  electric  field  on  a  unit  ( posit Ive)  charge  at  that  point. 

It  is  counted  positive  in  whatever  direction  the  force  F  act  on  that  posi¬ 
tive  charge.  If  a  unit  positive  charge  is  moved  a  distance  'r  against  the 
electric  field,  the  work  done  is  -  F*dr;  the  minus  sign  indi  ating  the  con¬ 
trary  sense  of  motion.  Tills  work  expended,  la  stored  in  the  position  of 
the  particle,  the  new  position  being  considered  to  have  pole  tial  with  re¬ 
spect  to  tho  old  position.  The  difference  in  potential  betv  en  the  Initial 
and  final  points  dV  is  equal  10  tho  work  done  -  F  •  dr ,  and  tri  ce  by  (11) 

P/q  -  E  and  q  -  1  by  choice  in  definition 

dV  -  -E-dr  (12) 


I 


which  may  also  be  written 


E  -  -  grad  V  (13) 

From  (13)  it  may  bo  said,  E  or  any  component  of  |  in  a  given  direction  is 
equal  to  the  space  rata  of  decrease  of  potential  in  that  dir  ction. 


I 


Now  the  space  rate  of  decrease  of  potential  integrated  ver  a  line 
parallel  to  the  gradient  between  two  arbitrary  points  yields  a  quantity 
which,  if  no  current  flows,  is  the  Electromotive  Force  and  i  equal  to  the 
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greatest  possible  difference  in  potential  between  those  twc  points  without 
the  action  of  external  agendas.  For  pronoun  purposes  it  :‘.s  the  case  of 
the  electromotive  force  generated  by  tho  motion  of  a  tubotonce  with  re¬ 
spect  to  a  magnetic  field  or  motional  electromotive  force  1  hut  is  of  great¬ 
est  interest. 


Uotional  Electraaotive  Force.  Faraday’s  Lav.' 

Let  us  consider  a  straight  wire  aF  cf  length  £  having  a  small 
metal  sphere  at  each  end.  The  wire  is  moving  vfith  a  velocity  £ 
toward  the  right  through  a  uniform  magnetic  field  of  density  B 
directed  into  the  plane  of  the  paper.  The  electric  force  on  a 
free  charge  in  the  wire  is 


a 

t 


Es(vxB) 


(14) 


If  ds  is  a  vector  element  of  length  of  the  wire, -the  Motional  Emf  pro¬ 
duced  in  the  wire  is 


f  E*  ds  =  j  v  x  B*ds  s  -  f  B*v  x  ds 
'  0  Jo  Jr, 


(15) 


frau  which  it  can  be  said,  the  11  clot"  product  of  B,  the  magnetic  intensity, 
and  (v  x  ds),  tho  time  rate  of  increase  of  area  swept  by  the  wire,  yields 
tho  motional  Emf  of  this  physioal  situation.  This  is  Faraday's  Law. 


The  existence  of  the  electric  field  of  intensity  E  produces  a  separa¬ 
tion  of  change  such  that  for  the  case  described  negative  charges  are  driven 
toward  b  and  positive  charges  toward  a.  This  separation  of  charge  goeB  on 
actively  until  the  quantity  of  charge  collected  on  the  metal  spheres  is 
sufficient  to  produce  an  opposing  difference  of  potential  equal  to  the 
motional  Emf.  Charges  of  either  a ign  are  then  in  equilibrium  and  suffer 
no  further  motion  along  the  wire. 


An  Experiment 

Suppose  this  equilibrium  is  disturbed  by  allowing  the  knobs  a  and  b  to 
slide  (making  perfect  contact)  on  a  pair-  of  conducting  rails  connected  to¬ 
gether  by  a  motionless  bar  to  produce  a  short  circuit.  The  charge  separa¬ 
tion  process  la  instantly  resumed  and  continues  to  function  so  long  as  tho 
circuit  is  closed.  The  rate  of  charge  separation  rises  as  the  system  at¬ 
tempts  to  develop  a  potential  difference  V  between  the  ophoi'es  equal  to 
the  Emf,  but  as  fast  os  charge  is  separated  and  collected  on  one -sphere 
it  leaks  away  into  the  rail  below,  flows  across  the  shorting  bar  and  re¬ 
turns  by  the  other  rail  to  tho  other  sphere.  The  potential  difference  in 
the  wire  never  attains  the  value  of  the  Emf  but  does  reach  an  equilibrium 
value  determined  by  the  total  circuit  resistance  and  the  Emf. 

Emf  =  i(R  ^  r)  (16) 


or 


iR  =  Emf  -  ir 


(17) 
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where  R  is  the  resistance  of  the  rails  to  and  including  the  resistance  of 
the  shorting  bar,  and  r  is  the  resistance  of  the  moving  wire. 

A  potentiometer  connected  aci-oes  the  rails  near  the  moving  wire  will 
read  the  value  of  iR.  If  the  aborting  bar  is  removed  the  potentiometer  will 
show  a  reading  equal  to  the  theoretical  value  of  the  motions}.  Eknf  in  the 
wire.  Now  suppose  the  potentiometer  is  made  to  move  with  the  wire  and  la 
connected  to  the  two  spheres  at  the  wire's  ends.  If  the  shorting  bar  is 
removed  the  potentiometer  will  read  ZERO,  quite  opposite  from  the  f irat 
experiment  with  the  shorting  bar  removed.  Tide  result  is  zero  because  the 
bucking  potential  (the  quantity  which  a  potentiometer  indicates)  is  now 
exactly  supplied  by  the  interaction  of  the  moving  potentiometer  leads  with 
the  magnetic  field.  The  potentiometer  leads  terminated  at  the  two  spheres 
have  an  unclosed  length  s  which  is  exactly  the  same  as  the  length  of  wire 
between  the  two  spheres.  Slnco  both  branches  of  the  resulting  circuit  are 
moving  with  precisely  the  same  velocity  through  the  same  magnetic  field, 
the  motional  Eraf'a  (by  (15))  are  identical  in  magnitude  and  direction.  Hav¬ 
ing  the  same  direct ion  they  oppose  each  other  in  the  closed  circuit. 


Next  replace  the  short ?ng  bar.  Current  immediately  flows  through  the 
moving  wire,  the  rails  and  the  shorting  bar  in  accordance  with  equations 
(16)  and  (17).  The  motional  Enf  in  the  potentiometer  leads  is  not  changed, 
neither  is  it  changed  in  the  wire,  but  there  is  a  potential  drop  ir  in  the 
wire  which  did  not  exist  before.  Thus  there  is  a  potential  difference  equal 
to  Emf  in  the  potentiometer  leads  and  a  potential  difference  (Emf  -  ir)  in 
the  wire  which  is  not  equal  to  the  value  Emf.  As  a  result  the  potentiometer 
battery  must  provide  a  portion  of  the  bucking  potential  required  to  balance 
it.  This  portion  is  V,  its  read  ring,  and 

V  =  Emf  -  (Emf  -  ir).  (18) 

V  =  Emf  -  0  (18') 


From  equation  (18)  it  can  be  seen  that  if  ir  is  zero,  V  is  aero,  but  as 
ir  approaches  the  value  Emf,  V  also  approaches  the  value  Emf.  The  value 
of  ir  approaches  the  value  Eaif  as  the  value  iR  approaches  zero.  The  value 
of  jUl  can  be  made  to  approach  zero  by  increasing  the  number  and  total 
cross-section  of  the  shorting  bars  between  the  rails.  In  so  doing  the 
amount  by  which  V  differs  from  the  value  Eraf  is  diminished. 

Thus  it  can  be  seen  that  a  practioal  measurement  with  a  potentiometer 
can  lead  to  a  result  numerically  equal  to  the  motional  Emf  provided  the 
motional  Emf  in  the  physical  system  has  been  shorted  out  or  reduced  to  a 
negligible  value,  while  that  in  the  measuring  instrument  ir.  undisturbed. 

It  is  also  to  be  noted  that  the  motional  Emf  is  directly  related  to  the 
electric  field  intensity  E  by  the  integral  of  E'ds  given  in  equation  (15) 
and  that  from  a  knowledge  of  the  physical  situation  producing  E  given  in 
equation  (14),  Emf  may  be  found.  Conversely  if  Emf  or  a  voltage  V  which  is 
nearly  equal  to  Emf,  is  measured  the  physical  situation  can  be  reconstructed. 
This  ie  the  important  case  insofar  as  the  Electrokinetograph  is  concerned. 
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In  figure  6  tho  relationships  of  tho  apparent  motional  Emf  in  the 
sea  to  the  water  current,  the  earth* o  field,  and  to  tho  observing  ship 
are  shown  :ln  a  cut-sway  drawing.  It  must  bo  remembered  that,  the  function 
of  tho  return  current  linos  shown  in  tiw>  wider  subjacent  to  the  current 
is  to  destroy  the  potential  differenuco  raoulting  from  tho  motion  of 
the  sea  water,  so  that  the  motional  Kuf  in  the  wire  between  the  electrodes 
may  be  measured  Against  ca  small  a  background  of  residual  potential  differ¬ 
ence,  ( Emf  -  ir)  or  (0),  as  the  situation  wild,  allow.  The  smaller  the 
resistance  of  the  subjacent  water  macs  the  smaller  this  residual  potential 
difference  will  be  and  the  more  precisely  the  measured  voltage  at  the  po¬ 
tentiometer  will  match  the  notional  Smf  of  tho  drifting  interelectrode 
line  as  explained  in  equation  (18)  and  (18*).  If  nearly  all  the  potential 
differences  in  the  sea  arc  shorted  out  it  ie  possible  to  tow  the  electrode 
line  at  any  depth  and  measure  a  voltage  nearly  equal  to  the  electromotive 
force  in  it  as  a  result  of  its  drift  with  the  water  motion. 


In  figure  6  and  in  field  v:ork  vdth  the  Electrokinetograph  it  has  boon 
assumed  that  the  water  motions  being  measured  are  purely  horizontal.  In 
the  sea,  which  Is  approximately  1/I000th  as  deep  as  it  is  broad,  this  assump¬ 
tion  is  not  unreasonable.  Vertical  circulation  is  known  to  exist  in  parts 
of  the  ocean.  Observations  of  currents  in  these  areas  will  yield  only  the 
horizontal  component  of  motion  for  the  reason  that  the  electrodes  too  are 
horizontal,  and  for  tho  considerations  which  follow. 


If  a  water  current  flows  through  an.  inclined  magnetic  field  H  at  a 
velocity  v  it  will  produce  in  itsolf  an  electric  field  K  given  by  the 
vector  cross  product 


E  =  (v  X  H) 


(19) 


This  equation  implies  that  v,  H,  and  E  (all  vectors)  are  mutually  perpen¬ 
dicular.  The  vector  v  or  a  major  component  of  v  is  parallel  to  the  sur¬ 
face.  The  vector  E  generates  an  Eraf  in  the  horizontal  electrode  line  which 
is  parallel  to  the~aurfaca  wid  moved  with  the  horizontal  component  of  v. 
Thus  in  this  physical  situation  the  only  component  of  H  that  satisfies 
equation  (19)  is  H2  the  vortical  component.  Depending  on  tho  sens©  of 
direction  of  the  vector  E  is  directed  positively  90°  to  tho  right  or  to 
the  left  of  the  positive  sense  of  v»  E  has  the  sens©  of  the  direction  of 
advance  of  a  right  hand  screw  perpendicular  to  the  plane  common  to  v  and 
H  and  rotated  from  v  to  H_  through  the  smaller  of  the  angles  between  them. 
There  E  lies  90°  to  the  right  of  the  direction  of  v  in  the  northern  mag¬ 
netic  "hemisphere  and  90°  to  the  left  in  the  southern.  Figure  6  is  drawn 
for  the  northern  magnetic  hemisphere. 


It  is  hoped  that  the  foregoing  has  made  clear  how  tho  quantities 
measured  by  the'  Electrokinetograph  are  related  to  the  motions  of  the  sea. 
It  is  the  conductivity  of  the  sea  and  its  short-circuiting,  properties 
that  make  these  measurements  possible.  Were  it  not  for  this,  the  elec¬ 
tric  field,  which  pervades  both  the  moving  sea  water  and  the  measuring 
instruments  moving  with  this  water,  would  produce  identical  effects  in 
the  sea  and  in  the  instruments  with  the  result  that  the  difference  between 
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them  would  always  be  zero.  In  truth  the  potentials  In  the  sea  are  not 
annihilated  but  they  are  reduced  to  small  values  which  are  almost  neg¬ 
ligible  for  practical  situations  in  the  deep  sea.  In  fir.  dtommel'e  paper 
the  equations  for  computation  of  thoeo  residuals  are  developed,  and  also 
evaluated  for  a  few  special  casoa  in  figures  7  and  8. 


/ 
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Part  II  -  The  General  Theory  of  the  Electric  Potential  Field  Induoed  .in 
Deep  Ocean  Currents  Henry  Stommel 

“1.  The  Problem  Duo  to  the  fact  that  the  water  In  the  ocean  la  a 
conductor,  and  that  it  is  everywhere  under  the  Influence  of  the  earth's 
magnetic  field  v:a  should  expect,  by  the  law  of  electric  induction,  that 
wherever  the  water  is  In  motion  electric  potentials  and  currents  will  be 
established.  It  is  the  purpose  of  this  paper  to  discuss  the  general 
theory  of  these  phenomena  in  the  deep  ocean  end  to  indicate  certain 
analytical  solutions  of  the  problem  which  demonstrate  the  important  physi¬ 
cal  aspects  of  electric  fields  associated  with  ocean  current.'  . 

2,  Acknowledgement  The  author  is  particularly  indebted  to  Mr.  M. 

S.  Longuet-Higgins  of  the  Admiralty  Research  Laboratory  at  Toddington  for 
acquainting  him  with  the  basic,  physics  involved' in  section  3° 

3o  The  fundamental  equation  of  the  electric  .field  Let  H  be  the  vec¬ 
tor  magnetic  field  intensity,^0  be  the  scalar  resistivity  and  i  the 
electric  current  vector.  Consider  a  closed  curve  fixed  in  the  fluid.  Let 
v  be  the  fluid  velocity  vector.  The  length  of  arc  along  the  closed  curve 
is  given  by  the  vector  s.  The  element  of  area  of  the  surface  enclosed  by 
the  curve  is  dS .  Faraday' s  law  of  induction  may  than  bo  exp:  o33ed  in  the 
following  very  general  form 


ds  =  0 


where  the  d/dt  is  to  be  understood  in  the  manner  of  the  subst  aotial  deriva¬ 
tive  of  hydrodynamics.  The  first  term  of  equation  (1)*  may  tc  transformed 
(see  Abraham  and  Beuker,  "Classical  Electricity  and  Magnetic  pp.  39-40) 
as  follows: 


*■  (r  (( s>  a 


'b  t 


dS 


i  (( (di  r  H)v  •  dS  -  J~J~ £curl(v  x  f  )J  *  dS  (2)* 


-V 

In  the  ocean  a  considerable  iinplification  of  equation  (  2)*  is  possible 
because  over  moderately  largo  ur  )«as  fl  is  constant  and  uniforr .  Therefore 
the  first  two  terras  of  the  seconi  member  vanish,  and  by  Stoke  s  theorem  the 
third  term  may  be  transformed  to  a  line  integral. 

-  f  (  £curl(./  x  H)J  •  (v  x  H)  ds  (3)* 


The  equation  (1)*  way  now  be  written  in  the  following  f<  rm. 
fiT* [vxH  -  i)  *  ds  -  0 


(4)* 
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The  vanishing  of  this  lino  integral  signifies  the-  eodatenco  of  the  electric 
scalar  potential  function  0,  defined  in  the  following  way 

70  -  v  x  H  -  i.  (5)^ 

The  term  /0  i  involving  the  unknown  current  vector  i  may  be  eliminated  if 
p  ia  assumed  to  be  uniform,  for  then  the  div  yo  i  vanishes,  and  upon  tak¬ 
ing  the  divergence  of  equation  (S)#  one  obtains 


-  H  •  curl  v 


(6)* 


If  H  and  v  are  both  regarded  as  knovm,  which  is  physically  the  case,  then 
we  simply  have  hero  Poisson' a  equation  to  solve  for  the  electric  potential 
0.  It  is  desirable  to  emphasize  the  complete  generality  of  equation  (6)«. 
This  equation  defines  the  electric  potential  field  resulting  from  any 
arbitrary  velocity  field  in  the  ocean. 


'  4,  An  Idealized  particular  ocean  current  system  and  its  associated 

electric  potential  field.  In  order  to  exhibit  many  ofThe  features 
of  the  problem  an  Idealised  ocean  current  system  ia  treated  hero.  Rec¬ 
tangular  coordinates  are  taken  with  the  x,  y  plane  in  the  surface  of  the 
ocean,  and  the  z  axis  pointing  vertically  upwards .  Tide  ocean  13  supposed 
to  be  divided  into  two  layers.  The  top  layer,  //l,  extends  from  z  =  0  to 
a  s  -h^.  The  bottom  layer,  //2,  extends  from  e  =  -h^  to  z  -  -hg.  The 
bottom  of  the  ocean,  z  =  -h2 ,  is  taken  in  this  discussion  as  non-conducting. 


The  velocity  in  layer  ffl  is  supposed  to  be  given  as 


(7)* 


Layer  #2  is  supposed  to  be  at  rest.  This  current  system  consists  of  al¬ 
ternate  bands  of  water  of  breadth  fe.  moving  in  the  positive  and  negative  y: 
direction  over  a  lower  layer  which  does  not  participate  in  the  motion. 

This  picture  is  somewhat  artificial,  but  because  it  is  expressed  in  circu¬ 
lar  functions  may  be  generalised  by  means  of  the  Fourier  Integral  Theorem. 

Let  ua  suppose  that  the  magnetic  field  of  the  earth  is  entirely  vertical 


H  = 


(e)» 


Substitution  of  (7)^  into  equation  (6)*  gives  the  following  equations 

7^  =  Y  sin/x  (9)* 


7%  :  0 


(?')* 
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Substituting  into  equation  (1 4)*  we  obtain 


n  *  v  x  H  -  2>jL~  0 
~  “  ~  b  s 


(16)* 


In  the  particular  case  we  are  discussing  n  •  v  x  H  vanishes  so  that  the 
boundary  condition  at  the  (surface  a  -  0  is 


e>  0  »  0 
^  z 


(17)* 


The  boundary  condition  at  the  bottom,  z  =  ~h>  is  also  one  of  no  current 
flow  00  it  is  the  some  as  equation  (17)*.  ** 


At  the  interface  between  layers  1  and  2,  z  =  -h-. ,  two  conditions 
prevail,  for  clearly  tho  potential  and  current  must  be  continuous.  There¬ 
fore  at  z  *  -hx 

^  =  02  (13)* 


ii  =  i2  (!3')* 

The  second  of  these  equations  may  be  expressed  in  terms  of  the  potential 
function 


5  $02 

- -  =  - - 

a  z  o  z 


(IB")* 


The  conditions  (17)*  at  z  2  0  and  z  -  -h~  and  tho  oonditlono  (18)*  and 
(18")*  at  z  «  -h]_,  suffice  ,to  determine  the  constants  of  integration. 


sinh^>(h2  -  h-^) 
sird^g  h2 


(19)* 


Therefore  the  final  solution  is 


ai 


For  purposes  of  illustration  several  graphs  have  boon  constructed  showing 
lines  of  equal  potential  for  different,  values  of  b,  and  hi.  Examination 
of  the  results  shows  how  sensitive  the  potential  field  is Ho  the  relative 
depths  of  the  two  layers  1  and  2„  When  the  top  moving  layer  is  thin  com¬ 
pared  to  the  lower  one  at  rest,  the  potentials  established  are  very  much 
reduced.  The  breadth  of  the  current  is  not  a  very  important  factor  ex¬ 
cept  for  a  multiplicative  factor  directly  proportional  to  breadth. 


5.  A  further  particular  case  of  interest  The  axes  or©  taken  as  in 
section  4.  The  velooity  is  assumed  to  be  all  in  the  positive  and  negative 
y~dlrection,  as  boforo,  but  according  to  the  following  pattern  in  the  x, 
z  plana 


-7T  n7T 

v  *  v  coo  2-x  cos  —  a 

y  0  b  h 


(21)* 


where  h  is  the  total  depth  of  the  bottom  beneath  the  surface  z  r  0  and 
n  is  0|  1,  2,  3,  4,  ........ 

Substitution  of  this  value  of  y  into  equation  (6)*  yields 

¥ 

O  Vo7T  -r7~  n7T 

V  y  z,  -H  .  eln  JL  x  cos  __z  (22)* 

b  b  /  h 

Thu  solution  of  this  equation  which  also  satisfies  the  boundary  con¬ 
ditions  !)  (if/!)  2  3  0  at  si  *  0  and  z  =  -h  io 


'Tr  n7 1 

sin  JLx  co a  - z  (23)* 

b  h 


n  —  Of  1,  2|  3 ,  .......... 

6.  Numerical  method  of  solution  A  convenient  numerical  method  of 
eolution  may  bo  based  upon  tho  relaxation  methods  developed  by  Sir 
Richard  Southwell  ("Relaxation  Methods  in  Theoretical  I’hysioa"  Oxford, 
l?4o).  Any  vertical  profile  can  be  investigated  and  tho  electric  potential 
field  computed. 
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Note 


The  valuoe  of  0  over  a  number  of  cross-sections  of  water  motion  In¬ 
volving  shear  across  the  x  axis,  and  acres  a  the  x  and  z  axes  are  given  in 
figures  /  and  8  respectively .  While  those  sections  do~not  resemble  clooelv 
any  known  oceanographic  case  they  do  show  how  the  increase  of  shear  in  the 
water  motion  improves  the  results  of  measurement  by  reducing  the  rooidual 
potentials  in  tho  sea.  Thoy  also  show  that  both  adjacent  end  subjacent 
water  currents  having  independent  motions  with  respect  to  tho  water  current 
undergoing  measurement  can  replace  in  effect  tho  properties  of  a  large 
stationary  mass.  During  examination  of  these  fields  it  should  bo  remembered 
that  they  are  fields  of  residual  potential  which  are  subtracted  bv  the  eea 
from  the  motional  Lmf  in  the  measuring  instruments  to  yield  V  the^obaerved 
motional  potential  irof,  liquation  ( 18 ' ) ) .  The  dravrlnga  ware” computed  and 
prepared  for  drafting  by  Mi so  Barbara  Allen.  P 
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VIII  Ship’s  Log  experiments 


Measurements  of  the  forward  spued  of  a  chip  ore  theoretically  possible 
through  a  slight  readjustment  c.f  thought  concerning  the  basic  principle  of 
ohe  Electrokinetograph.  A  Borina  of  experiments  were  performed  to  see  how 
practical  such  a  log  would  be.  Tv. o  elccirodoc  were  towed  oc  ual  distances 
astern  on  either  side  of  the  ship  and  separated  by  50  feet.  The  theory  is 
that  the  wire  transverse  to  the  ships  way  would  out  flux  anc  produce  a 
signal  proportional  to  the  rate  of  motion  of  the  ship  whilo  the  other  trans¬ 
verse  portion  of  tho  loop,  cloosd  by  the  water  between  the  electrodes,  does 
not  share  this  motion  and  consequently  does  not  cut  flux  or  produce  a  sig¬ 
nal  proportional  to  tho  ship's  speed.  This  situation  shoulc.  allow  measure¬ 
ment  of  the  voltage  in  the  moving  segment.  It  is  further  argued  that  tho 
motional  EMF  Signal  from  moving  water  filaments  between  th  *>  electrodes  ^vould 
appear  with  the  ship's  spood  signal  and  that  both  wake  and  current  signals 
would  occur.  All  these  theoretical  effects  w ore  found  to  exist.  On 
Atlantis  Cruise  149  an  experiment  was  run  with  the  ship  under  sail  to  avoid 
the  propeller  wash  present  in  all  previous  experiments,  and  it  was  found 
that  the  recorded  voltage  changed  as  the  ship's  speed  changed.  But  again 
tho  problem  of  electrode  zero  made  it  impossible  to  determine  from  what 
point  these  voltage  changes  had  their  origin  and  therefore,  whether  or  not 
the  changes  in  voltage  were  proportional  to  the  change  in  speed  of  the 
ship.  Through  extrapolation  backward  toward  the  origin  by  means  of  the 
theoretical  speed-voltage  relationship  a  zero  point  was  calculated  which 
agreed  well  with  the  zero  point  registered  by  stopping  the  ship  but  of 
course,  this  is  not  a  practical  method.  It  was  thought  that  exchanging  the 
positions  of  the  electrodes  from  side  to  side  of  the  ship  would  provide 
the  needed  zero  information,  but,  to  gain  the  necessary  interelectrode 
distance  outriggers  were  used,  and  tho  operation  became  hopelessly  cumber¬ 
some.  Further  work  on  thi3  problem  will  be  undertaken  as  nc  h  ideas  or 
better  electrodes  come  to  light. 


TB3  and  IFF  systems  are  considered  to  be  possible  parallel  develop¬ 
ments  to  the  measurement  of  voltages  in  the  sea.  It  is  known  that  both 
power  and  potential  fields  surround  an  electric  dipole  in  0.  conducting 
medium.  With  suitable  detecting  circuits  it  is  possible  to  .receive  signals 
emitted  from  the  dipole  at  some  distance.  Sovoral  experiments  have  been 
made  to  test  the  range  of  ouch  a  communication  system.  In  one  experiment 
in  which  two  electrodes  2  foot  apart  wore  enorgiaod  by  a  1  watt  A.F.  speech 
signal  it  was  possible  to  receive  a  clearly  Intelligible  signal  30  feet 
away  by  means  of  two  other  electrodes  2  feet  apart.  All  electrodes  were 
simple  brass  plates  2  x  6  x  1/3-2  inches.  The  reoeived  signal  was  ampli¬ 
fied  about  120  db  and  could  be  heard  very  well  through  a  speaker.  The 
rttanuation  over  the  range  wan  about  90  db.  The  electrodes  in  this  experi¬ 
ment  were  arranged  to  rotate  so  that  it  was  possible  to  determine  th® 
null  pattern  of  the  Isopotential  linos  surrounding  the  transmitting  dipole. 
The  nulls  were  extremely  sharp  at  short  ranges  and  still  sharp  enough  for 
homing  purposes  at  extreme  rang©3.  In  practical  scalos  using  200  feet 
between  the  electrodes  of  the  dipole  transmitter  and  the  receiver  the 
maximum  range  is  probably  of  the  order  of  1.0  to  1.5  miles  for  1000  watts 
input  power,  provided  code  signals  are  used.  Voice  or  other  A.F.  trans¬ 
mission  would  be  difficult  beyond  a  range  of  0.5  mile.  The  ranges  are 
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short  because  the  Input  voltage  must  be  increased  by  the  '}/2  pov/er  of  the 
geometrical  scaling  farter.  That  is,,  it  tho  in t or e lec tr ode  distance  a 
and  t ha  range  b  is  increased  by  <j  factor  n  tho  voltage  must  te  increased 
by  nVp'  .  If  the  iutarolect x-jde  distance  a  is  kept  constant  a  doubled 
range  is  accomplished  by  cubing  tho  voltage,  Tho  cube  is  a  stiff  rate  of 
increase  consequently  die  range  for  reasonable  power  output  is  limited  to 
the  order  of  a  mile  or  so. 

The  rapid  attenuation  of  signal  strength  has  an  advantage  of  security- 
in  tAat  the  range  is  so  sharply  limited  that  complete  confidence  can  be 
had  .in  its  limits.  For  short  range  TBS  thera  is  no  appreciable  electro¬ 
magnetic  radiation  developed,  and  other  than  that  from  ignition  or  genera¬ 
tor  systems  there  is  no  appreciable  background  noise  in  the  A.F.  range  of 
frequency.  It  was  found  after  these  experiments  hud  been  perforated  that 
more  exhaustive  trials  of  the  method  had  been  made  under  full  scale  condi¬ 
tions  by  Hardy  (1945)  and  his  associates  at  the  Moore  School  of  Electrical 
Engineering,  University  of  Pennsylvania.  His  results  are  in  good  agreement 
with  those  presented  here. 

* 

The  range  of  the  system  is  also  too  short  for  tactical  use  as  SAS-IFF 
or  for  use  from  surface  ships  with  submarine  escort.  To  extend  the  range 
to  five  miles  from  a  transmitting  dipole  for  which  a  is  200  feet  the  input 
power  would  have  to  be  raised  to  tho  order  of  1  or  more  megav.atts.  With 
pulsed  power  tills  might  be  feasible  without  stupendous  power  packs  but 
Hardy  reports  poor  success  with  pulsing.  His  problem  was  slightly  differ¬ 
ent  from  the  one  suggested  here  in  that  ha  was  primarily  interested  in 
short  range  communications  for  landing  operations  and  between  swimmers  in 
demolitions  crews.  Further  study  of  the  whole  problem  might  be  profitable 
as  the  rapid  attenuation  of  the  signal  with  range  could  be  turned  to  ad¬ 
vantage. 
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Introduction 

V  The  Geomagnetic  Flee t  void  no  to, \r$. ph  is  an  instrument  of  great  simplicity 
which  is  capable  of  measuring  the  motions  of  ooa  water  from  a  moving  vessel* 
The  motions  of  tho  soa  may  result  from  any  cause,  wind  drift ,  waves,  current a, 
and  thoir  eddies,  tides,  seiches,  tsunamis  or  artifacts,  and  sti" 1  be  suit¬ 
able  objects  of  study,  The  basic  performance  of  tho  instrument  depends  upon 
Faraday's  Law  of  KLoctromagnetio  Induction,  particularly  tho  specie!,  oaeo 
which  ha  mentioned  in  his  Bakerian  Lecture  to  the  Royal  Society  in  1832. 

Tliis  oase  .discussed  on  page  1?6  of  the  Philosophical  Transactions  1832  is  ae 
follows  jv*  *  Theoretically,  it  soems  a  necessary  consequence  that  where  water 
Is  flowing,  there  electric  currents  should  be  formed;  thus,  if  a  lino  be 
imagined  passing  from  Dover  to  Calais  through  the  sea,  and  returning  through 
the  land  beneath  the  water  to  Dover,  it  traces  out  a  circuit  of  conducting 
matter,  one  part  of  which,  when  tho  water  moves  up  or  down  the  channel,  ie 
cutting  the  magnetic  curves  of  the  earth,  vdiilot  tho  other  is  relatively 
at  rest .  inhere  tho  lateral  extent  of  tho  moving  water  la  enormously  in¬ 

creased,  it  does  not  seem  improbable  that  the  effect  should  become  sensible j 
and  the  Gulf  Stream  may  thus,  perhaps,  from  electric  currents  moving  aci-000 
it,  by  magnet o-olectric  induction  from  tho  earth,  exart  a  sensible  influence 
upon  the  forms  of  the  lines  of  magnetic  variation  'A  (* footnote  Theoreti¬ 
cally,  even  a  ship  or  boat  when  passing  on  tho  surface  of  tho  water,  in 
northern  or  southern  latitudes,  should  have  currents  of  oloc tricity  running 
through  it  directly  across  the  line  of  her  motion;  or  if  the  water  is  flow¬ 
ing  past,  the  ship  at  anchor,  similar  .-currents  should  occur.)" /  This  is  a 
clear  statement  of  the  effect  which  has  subsequently  been  observed,  but 
which  Faraday  himself  failed  to  detect  through  a  lack  of  suitable  electrode 
materials. 

r 

The  Present  Experimental  Method 


In  1920,  Messrs.  Young,  Gorrord  and  Jovona  of  the  British  Admiralty 
published  tho  results  of  preliminary  experiments  which  they  performed  in 
Dartmouth  Harbor  putting  Faraday's  ideas  to  a  more  modern  teat.  They  wore 
qualitatively  successful  and  showed  that  motional  electromotive  forces 
(apparently)  do  exist  in  tho  eoa  and  that  it  is  possible  to  determine  the 
directions  of  flow  causing  them.  Thoir  experiments  were  of  the  sort  men¬ 
tioned  by  Faraday  using  moored  electrodes  on  either  side  of  a  tidal  stream, 
and  also  drifting  electrodes  handled  from  a  boat.  In  enoh  caao  tho  elec¬ 
tric  current  flowing  through  the  circuit  was  measured  rather  than  the  voltage. 
This  leads  to  a  practical  difficulty  with  Ohm's  Law  which  does  not  hold  in 
electrolytes.  To  avoid  this  trouble  the  Elcctrokinetograph  measures  voltage 
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by  means  of  a  modified  constant  balanco  potontiometer  which  records  contin¬ 
uously  on  a  atrip  chart.  The  recorded  voltages  are  those  picked  up  between 
two  Silver-Silver  Chloride  electrodes  either  moored,  or  towed  behind  a 
ship  in  tandem.  The  magnitude  of  the  voltage  is  given  by  the  equation 

.  kE  =  Hzsv  x  10‘°  (1) 

in  practical  units,  where  Hz  is  the  vertical  omponont  of  the  earth's  mag¬ 
netic  field,  J3  is  the  distance  between  electrodes,  v  is  the  speed  of  the 
water  motion,  E  is  the  voltage  and  k  is  a  correction  factor  which  depends 
upon  the  depth  of  water  and  to  some  osctent  upon  the  nature  of  the  bottom. 

The  factor  k  has  been  determined  in  water  of  varying  depths  and  has  been 
found  to  be  roughly  3  i n  B  fathoms  and  1.0  in  depths  greater  than  1500 
fathoms.  It  may  be  substantially  1*0  in  water  only  100  fathoms  deep  but 
the  existing  data  are  insufficient  to  establish  the  point.  A  program  of  k 
studies  is  planned.  “ 

Regarding  direction,  the  obseivad  magnitude  of  E  varies  at  any  station 
with  the  course  of  the  ship.  The  measured  E  is  that"" along  the  line  between 
the  electrodes  and  is  that  induced  by  the  component  of  water  motion  at  right 
angles  to  this  line.  Thus  two  measured  voltages  along  two  courses  at  some 
angle,  usually  greater  than  60°  and  1.638  than  120°,  to  oath  other  and  hav¬ 
ing  known  geographic  bearings ,  suffice  to  establish  the  true  direction  and 
magnitude  of  the  motional  electromotive  force  in  the  sea.  This  datum  is 
related  to  the  direction  and  magnitude  of  the  water  motion  by  the  vector 
equation 

k’E  =  v  x  H  (2) 

in  which  k  is  the  aforementioned  scalar  correction,  E  is  the  vectorial  volt¬ 
age  produced  by  the  cross  product  of  v  the  water  motTon  vector  and  H  the 
magnetic  field  vector.  Under  present"” circumstances  E  is  measured  by  two 
horizontally  -l.-pcaed  electrodes  which  therefore  detect  only  the  horizon¬ 
tal  componen  f  E.  This  restricts  the  solution  to  the  horizontal  component 
of  v  and  coru>v  w aontly  the  vertical  component  of  Ha  of  H  the  total  magnetic 
flrLd  of  the  earth  at  the  station. 

In  practice  |I_  is  measured  from  the  ship,  and  ashore  a  continuous 
record  of  the  stability  of  the  earth's  field  is  made  to  establish  tha  state 
of  the  "magnetic  weather"  during  observations  at  sea#  Regional  magnetic 
storms  are  recorded  at  Woods  Hole  by  moans  of  a  pair  of  electrodes  half  a 
mile  apart  spanning  the  Hole.  A  recordin'*  galvanometer  writes  the  trace 
of  the  electric  currents  generated  by  the  tidal  oscillations  and  also  those 
earth  currents  arising  from  magnetic  storms  (see  figure  1).  The  validity 
of  this  record  as  an  index  of  magnetic  aotivity  has  been  established  through 
comparison  of  eight  months  of  continuous  tidal  Emf  trace  at  Woods  Hole  with 
coincident  magnetomotric  traces  secured  from  the  Cheltenham  Magnetic  Observa¬ 
tory.  The  correlation  io  nearly  perfect,  and  it  is  possible  to  observe  the 
onset  and  cessation  of  storms  with  complete  confidence.  The  effect  of 
magnetic  storms  upon  the  measurement  of  currents  rt  sea  is  not  known  at  present 
since  the  earth's  field  has  been  stable  during  all  tests  of  the  method.  It 
is  expected  that  the  disturbance  will  be  sufficiently  marked  to  be  detected 
at  sea  unless  observations  are  being  madu  of  violent  water  motions  such  as 
that  in  the  Gulf  Stream. 
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Geophysical  magnetic  fields  duo  to  submarine  geologic  structures  will 
produce  small  errors  in  the  observed  water  motion,  but  by  moans  of  con¬ 
tinuous  or  closely  spaced  measurements  of  Hz  made  currently  with  a  degaus¬ 
sing  magnetometer  designed  by  N.O.L.,  it  is  possible  to  allow  for  such 
changes.  The  present  instrument  reads  to  belter  than  10  milligausa  at 
sea,  and  since  Hz  in  local  latitudes  ranges  from  450  to  500  mllllgauss, 
precision  of  2  per  cent  is  maintained.  This  error  lies  within  the  experi¬ 
mental  error  of  the  blectrokinatograph. 

Field  Trials  of  the  Eloctroklnetograoh 

The  earliest  experiment  with  the  technique  was  begun  16  November  1946 
when  the  moored  electrodes  across  Woods  Hole  were  installed.  These  were 
soon  connected  to  a  recording  Fluxmoter  made  by  General  Electric  which  was 
altered  to  act  aa  a  recording  galvanometer.  This  instrument  has  been  in 
continuous  operation  over  since.  It  was  noted  very  early  in  the  experiment 
that  the  voltage  did  not  correspond  to  the  current  strength  in  accordance 
with  equation  (1),  but  that  k  had  a  value  somewhere  between  3  and  4. 

The  first  experiment  at  sea  with  towed  electrodes  was  performed  on 
19  March  1947  near  the  Cox  Ledge  Gong  off  Block  Island.  The  results  gave 
tho  direction  of  the  current  in  good  agreement  with  the  observed  direction 
by  visual  bearings  on  the  gong  and  an  improvod  value  of  the  current  speed 
(due  to  the  deeper  water)  for  which  k  was  approximately  2. 

Immediately  following  this  experiment  a  constant  balance  potentiometer 
wae  procured  and  more  suitable  equipment  built  to  hold  and  handle  the  elec¬ 
trodes.  Several  cables  were  fitted  with  Silver-Silver  Chloride  electrodes 
spaced  3  x  1C V.  4  x  lo?  and  5  x  10?  centimeters  apart.  The  electrodes  were 
housed  in  "corn  cobs"  of  formica  which  protect  them  f2’om  damage  on  deck 
and  attack  by  fish  or  the  passing  BT.  The  size  and  surface  area  of  the 
electrodes  is  immaterial,  the  only  criterion  determining  their  fitness  for 
use  is  an  identity  of  skin  potential.  It  has  boon  found  that  two  pieces 
of  silver  wire  0.100  in,  diameter  and  6  in,  long  wound  into  pig  tails  and 
chlorided  for  a  period  of  2  minutes  vdth  Cone.  HC1  and  Cone.  HNO3  mixed 
1  t  1  have  nearly  identical  skin  potentials.  Any  dissimilarities  can  be 
eliminated  by  shoHing  the  electrodes  together  in  soa  water  for  a  few  hours. 
The  identity  of  potential  will  remain  for  a  period  of  hours  or  days  de¬ 
pending  on  the  pair  and  then  drift  at  the  rate  of  1.0  mv./36  hours  or  so 
until  the  coating  is  washed  away.  Renewal  of  the  coating  is  as  simple  as 
its  original  deposition. 

The  drift  of  interelectrode  potential  does  not  interfere  with  the 
record  of  the  relative  potentials  in  the  soa  but  it  does  confuse  their 
absolute  values  by  shifting  the  electrical  zero  of  the  recorder  with 
respect,  to  the  mechanical  aero.  For  this  reason  it  is  necessary  to  re¬ 
verse  the  direction  of  tho  ship  and  tho  streaming  electrodes  every  four 
or  five  hours  to  reverse  tho  sign  of  the  incoming  potential.  In  steady 
water  currents  this  method  establishes  electrical  aero  along  the  line  of 
symmetry  between  the  recorded  direct  and  inverse  voltages. 

Most  of  this  technique  was  worked  out  in  the  course  of  a  number  of 
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one-duy  cruises  ia  Vineyard  and  Nantucket  Sound  a .  Those  trials  wore 
followed  by  two  deep  sea  cruises  B-6  and  B-9  of  R/V  Dal anus  heading 
across  the  shelf  from  the  vicinity  of  Vineyard  Sound'TIgfits hip .  The 
first  cruiee  was  specifically  designed  to  test  the  Bloctrokinotograph 
and  the  second  was  an  extension  of  a  biological  cruiao  from  the  edge 
of  the  shelf  into  deep  water.  The  courses  sailed  and  measurements 
made  are  plotted  on  charts  included  In  this  report  (figuroe  2  &  3)« 

Cruise  B-6  over  the  shelf  yieldod  17  current  "fixes"  in  shelf  water 
and  a  continuous  record  of  the  currento  acroos  the  lino  of  motion  of  the 
ship.  It  was  found  almost  immediately  that  the  nature  of  the  motion  of 
water  over  the  shelf  is  far  from  laminar.  The  signal  shows  tho  occur¬ 
rence  of  eddies,  on©  after  another,  over  most  of  the  shelf  (figure  4)« 
These  have  a  mean  diamotor  of  two-thirdo  of  a  mile  and  a  mean  angular 
velocity  of  approximately  1  radian  per  hour.  In  addition  there  is  the 
rotary  tide  on  the  shelf,  tho  data  for  which  aro  tabulated  and  reduced 
in  Table  1  (see  also  figure  2)„ 
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Observed  Angular  Velocity  of  tho  Rotary  Tideo 
on  tho  Continental  Shelf  South  of  Block  Ieland 


Station 

T 

t 

dt 

1-2 

165° 

4h 

OQu 

240m 

0.69° 

/min 

2-  3 

49 

2 

00 

120 

0.41 

3-  4 

60 

2 

00 

120 

0.50 

4-  5 

98 

2 

00 

120 

0.82 

outward 

5-  6 

90 

2 

00 

120 

0,75 

6-  7 

182 

2 

00 

120 

1.52 

bound 

7-  8 

31 

2 

00 

120 

0.26 

8-  9 

104 

2 

00 

120 

0.87 

9-10 

180 

6 

00 

480 

. 0.43 

9-16 

lC-il 

— wr~ 

13 

8 

2 

"  66 

00 

£g£S 

120 

0-43 

0.11 

( 

11-12 

64 

2  . 

00 

120 

0*53 

12-13 

12 

2 

00 

120 

0.10 

homeward 

13-14 

7 

2 

00 

120 

0.06 

14-15 

4 

2 

00 

120 

0.03 

bound 

15-16 

38 

2 

00 

120 

0.32 

16-17 

100 

4 

00 

240 

0.42 

outward  bound. 


homeward  bound 


cub  total  6,2$  -  0.697° /min. 
eub  total  2,00  *  0,250°/«in. 

-nr 


&ML,. 

0.474%^ 


0.474  )  360° 

760  minutes  /  tidal,  revolution 
or  12.67  hours  /  tidal  revolution 
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^  compensated  for  the  progress  of  the  ship  across  cotldal 
lines  by  the  distribution  of  stations  on  both  legs  of  the  cruise.  These 
are  not  equal  in  number  but  arc  weighted  out  in  the  calculation  and  are 
iimited  to  the  a me  geographic  zone.  The  value  obtained  ia  close  to  the 
period  of  the  mean  tidal  day  of  12.03  hours . 

Oii  the  basis  of  those  figuros  it  is  possible  to  calculate  the  rate 
a  given  tidal  phase.  The  ship's  mean  rate  of  progress  was 
close  to  7.5  knots,  which  motion  altered  the  valuo  of  d0/c it  by  ±0  223°/min 

SfJ bh?  average  value  0*47%:ln.  Thus  it  may  bo  concluded  that  the’ v£u 
ocity  of  propagation  of  a  tidal  phase  is 

^  *7*5  knots  “  16.0  knots  approx. 

0.22  3 

At  this  velocity  a  given  tidal  phase  could  progress  landward  from  the  edge 
ol  the  continental  shelf  to  the  beach  (roughly  100  mi.)  in  6.25  hours  and 
return  to  the  edge  in  the  same  time  12.50  hours  later  to  be  in  phase  with 
the  next  incoming  tide.  F 

Those  numbers  then  represent  the  period  of  the  forced  oscillation  of 
water  on  the  shelf  off  Block  Island  and  the  velocity  of  phaoo  propagation. 


•>r  *•  *  •» 


The  failing  plan  employ  rd  on  Cruise  D~6  was  straightaway  on  conroe 
with  a  calibration  square  coripcvuni  of  four  cardinal  lego  21*00  feet  long 
sailed  every  two  hours.  Thus  a  c .v  ltiuuouu  record  of  the  currents  trans  • 
verse  to  the  course  was  obtained  toga,  bhor  with  a  mean  are  of  the  true 
direction  and  magnitude  of  the  current  every  15  miles.  It  was  found  that 
the  leeway  of  the  ship  did  not  cccru.-pond  wry  well  with  the  action  of 
the  observed  currents,  wind  ond  v.uvcs,  both  of  which  viere  of  force  4  to 
5  throughout  most  of  the  cruina,  :u*d  vn  overpowering  effect  upon  the  mo¬ 
tion  of  the  ship  through  the  relatively  weak  current  system.  The  voltage 
record  shows  the  waves  as  well  an  the  currents  and  eddies ,  It *is  possible 
to  determine  the  period,  interne 1  velocity,  and  direction  of  the  waves  from 
the  calibration  squares*  An  attempt  was  made?  to  measure  the  change  of  in¬ 
ternal  velocity  of  the  wavos  with  depth  by  oinking  the  electrodes  deeper 
in  the  sea,  but  insufficient  weig.it  of  suitable  shape  was  at  hancT  to  carry 
the  measurements  ve¥y  far  down. 

It  was  also  noted  that  there  ia  a  very  rigid  correlation  between 
changes  in  the  temperature  and  salinity  of  the  aea  with  the  appearance  of 
new  current  vectors.  The  STD  recorder  running  continuously  along  with 
the  Electrokina tograph  showed  the  ship's  entrance  Into  und  departure  from 
warmer  more  saline  wutor. 

On  Cruise  B-9  which  was  devoted  to  the  Electrokinetograph  experiments 
from  the  1000  fathom  line  to  the  Gulf  Stream  mid  return,  the  edge  of  the 
Gulf  Gtream  wue  crossed  four  times.  In  each  case  the  mature  value  of  the 
current  was  observed  within  u  mile  of  the  first  indicated  crossing*  Of 
the  four  crossings,  the  two  entering  crossings  are  illustrated  in  figures 
5  and  6,  It  will  be  noted  that  both  tho  period  and  amplitude  of  tho  eddy 
otruoture  ia  changed  as  well  as  the  mean  speed  of  tho  current  *  The  sudden 
changes  in  recorded  voltage  which  are  bracketed  ere  those  measured  by  90° 
jogs  in  the  ship’s  course,  Jogs  were  sailed  for  four  minutes  every  half 
hour,  alternately  right  and  left  no  that  the  current  could  be  fixed  upon 
every  4  miles  and  the  zero  drift  checked  every  hour.  This  was  found  to  be 
a  much  more  satisfactory  procedure  than  calibration  squares  In  complex  vol- 
ocity  structures  because  the  ship  covers  less  ground  and  takes  less  time 
during  which  changes  in  the  current  might  occur.  Even  so  tho  best  values 
are  only  approximations  since  the  eddying  current  structure  is  so  variable 
in  detail  (sao  figures  7,  8,  and  y).  There  is  indeed  more  information  on 
tho  record  tapes  than  we  are  presently  prepared  to  und^ptand.  As  f  ield  j nJ 
work  progresses  new  techniques}  will  doubtless  come  to  mind  which  will 
simplify  the  records  and  their  interpretation. 

On  Cruise  E-9  the  recorder  was  fitted  with  a  60,000  microfarad  capaci¬ 
tor  across  the  input  so  that  tho  amplitude  of  the  wave  signal  could  bo 
reduced.  Figure  10  shows  tho  effect  of  the  capacitor  in  the  circuit.  Even 
so  large  a  vaiua  as  60,000  micro farads  is  insufficient  to  damp  out  tho 
wave  signal,  and  so  500, OCX)  mie -ofaruda  have  been  made  ready  for  the  next 
cruise.  This  should  increase  Li.j>  uccuracy  of  measurement  of  the  relatively 
slow  alternations  of  potential  duo  to  eddies.  Extraordinarily  Large  capaci¬ 
tors  can  be  usod  to  dump  out  tho  eddy  signal  for  measurements  of  the  mean 
current  but  this  would  discard  useful  data*  It  is  obvious  that  the  term 
current  must  be  qualified  by  subdivision  into  at  least  two  categories* 


perhaps  eddy  or  Instantaneous  current,  and  mean  or  traiupox  t  velocity  could 
be  used.  The  flow  mechanism  by  which  water  Is  moved  from  one  place  to 
another  in  the  so  a  i/s  only  rarely  laminar.  By  the  existing  method  eddies 
smaller  than  ICO  feet  across  arc  lost,  an  are  those  having  a  differential 
voltage  of  less  than  0,1  millivolt  due  to  their  slow  rate  of  rotation. 

With  the  increased  sensitivity  planned  for  the  hloctrokinetograph  it  should 
be  possible  to  muaeuro  details  JCC  or  po.vnibly  1000  times  t mailer.  There 
may  be  a  practical  limit  dotoi  .lined  by  the  noceaaity  of  damping  out  the 
wave  signal  to.  make  accurate  mo/ .curoim.  nts  of*  current.  If  the  details  of 
detectable  eddy  motion  begin  to  cornu  into  the  frequency  rang©  of  v/aves  the 
two  signals  could  not  bo  separated.  Indeed,  the  cycloidal  motion  of  water 
parcels  in  waves  is  different  fra.i  eddy  motion  only  in  its  plane  of  movement. 


Aa  a  wave  recorder  tho  Kloctrokinotograph  measures,  in  its  present  form, 
only  the  horizontal  component  of  wave  motion.  It  is  conceivable  that  a 
two  or  even  three  component  electrode  system  could  be  devised  to  study 
their  motions  in  throe  dimensions.  Such  studies  at  a  variety  of  depths 
would  provide  entirely  now  information  which  would  bo  of  great  value,  Tho 
case  of  tho  breaking  wave  near  shore  aa  it  "feels  bottom"  would  be  particu¬ 
larly  oxciting.  With  the  increased  sensitivity  expected  from  the  microvolt 
recorder  model  it  may  be  possible  to  study  the  slow  oscillations  of  internal 
waves  although  there  are  many  practical  difficulties  in  that  direction. 

As  a  -.urrent  measuring  device  it  has  boon  proven  accurate  insofar  as 
direction  is  concerned  under*  all  circumstances,  and  with  a  little  more  work 
the  magnitudes  of  currents  anould  be  quite  reliable.  In  deep  water  the 
method  aeeme  to  work  without  correction.  At  the  1200  position  of  tho 
Balanus  shown  in  figure  11  she  was  hove  to  for  a  series  of  hydrographic 
lowerings  and  biological  observations.  The  current  observed  by  tho  bloc- 
trokinetograoh  at  this  station  was  measured  at  L\S 3  knots  sotting  143 °f« 

She  drifted  3.25  hours  to  the  1 5i5  Loran  fix  covering  a  distance  of  13,8 
miles  into  another  current  measured  at  4»£>5  knots  setting  160°T.  and  mad® 
leeway  under  a  southwest  wind  at  tho  rate  of  1,0  knot,  Iwct.  racking  her 
leeway,  her  rate  of  drift  wao  4-25  knots  and  direction  of  drift  145’°T.  In 
view  of  the  extreme  complexity  of  the  current  in  tills  part  of  the  ocean 
and  tho  uncertainty,  duo  to  leeway,  of  remaining  in  fairly  constant  current 
conditions,  this  drift  station  is  considered  a  good  check. 


Reliability  thus  established  for  the  other  D-9  values  of  curront 
direction  in  deep  water  the  peculiar  direction  of  the  Gulf  Stream  motion 
is  apparently  real.  Tank  experiments  employing  what  are  bnlitfved  to  bo 
identical  Reynolds  numbers  yield  a  meandering  sort  of  motion  for  the 
Gulf  Stream.  These  observations  may  be  taken  as  confirmation  of  tho 
existence  of  ouch  motions .  Tho  maos  motion  of  tho  stream  :js  probably 
riven  by  the  positions  of  the  first  and  fourth  crossings.  A  more  ex¬ 
tensive  cruise  is  planned  during  which  the  entire  Gulf  Stream  will  be 
crossed  at  least  twice  and  tho  eddies  on  tho  northwest  i lank  studied  as 
intensively  as  possible  with  all  available  miane.  It  is  interesting  to 
contemplate  the  data  that  might  be  secured  by  sevoral  ohipo  sailing 
abreast  through  the  Gulf  Stream,  making  systematic  sorties  at  dinsrent 
latitudes . 
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